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Thomas Lane: The structure of the EF-hand-GAR module of ACF7 and the delineation of 
microtubule binding determinants  
(Under the direction of Kevin C. Slep) 
The dynamic microtubule (MT) and F-actin networks of the cytoskeleton are in 
constant flux, undergoing structural rearrangement in order for the cell to perform complex, 
evolutionarily-invariant processes such as cellular migration, focal adhesion dynamics, 
dendrite formation, and intracellular trafficking. These processes dually engage both 
networks simultaneously and require strict control over both dynamics and polarity of these 
cytoskeletal elements. While these interactions have been shown to be integral for these 
cellular processes, this is an area of active research.  Spectraplakins are evolutionarily 
conserved, giant proteins that can directly cross-link MTs and F-actin concurrently. This 
linkage has been shown to be instrumental for proper cellular rearrangement and polarization 
during many cellular processes.  
Loss of functional spectraplakins results in a variety of deleterious phenotypes. In 
vivo studies have shown that loss of ACF7 inhibits gastrulation, leading to pre-implantation 
lethality, while loss of BPAG1 causes early-onset postnatal death. The autoimmune disease 
bullous pemphigoid, which has characteristic persistent blistering, is caused by loss of 
epithelially expressed BPAG1. Loss of neuronal BPAG1 leads to the neurodegenerative 
disorder dystonia.  In each of these disease states, cells exhibit major morphological 
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disruptions in cytoskeletal structure and organization.  Similarly, knocking out ACF7 or 
BPAG1 in cells produces defects in cellular polarization, migration, intracellular vesicular 
trafficking, and focal adhesion dynamics.  Spectraplakins undoubtedly have a vital role in 
many core cellular processes.    
 It has previously been determined that a minimal MT-binding domain consists of a 
GAR domain, though the binding mechanism remained poorly understood. The role of the 
juxtaposed EF-hands domain has also remained elusive, though it has been shown to be 
functionally required in both neuronal extension and path finding.  Here, we present the 2.8 Å 
crystal structure of the EF1-EF2-GAR module. While these domains are tethered, they are 
connected by a flexible linker and are therefore considered independent domains. The EF1-
EF2 module binds two Ca2+ molecules and has an overall prototypical EFβ fold. The GAR 
domain consists of a novel α/β-sandwich fold that coordinates zinc. We have also mapped 
the MT binding region of the GAR and EF1-EF2 domains to positive patches that lies distal 
to the Zn2+ and Ca2+ binding domains, respectively. We also provide evidence that while the 
GAR domain is the principal MT binding element the EF-hands of ACF7 directly bind MTs, 
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CHAPTER 1: INTRODUCTION 
1.1. Introduction to cross-linkers: spectraplakins and GAS2-like proteins 
The filamentous components of the cytoskeletal network in most eukaryotic 
organisms are composed of F-actin, microtubules (MTs), and intermediate filaments.  
Together these components create a dynamic, complex infrastructure that allows for many 
fundamental cellular processes such as cell polarization and migration, intracellular 
trafficking, adhesion, and altering the cell’s morphology. Additionally, many integral cellular 
functions rely on the complex interactions of the dynamic cytoskeletal archetypes F-actin and 
microtubules (MTs). In order to coordinate these components for proper cytoskeleton 
functionality requires multiple protein complexes to work in concert.  Many proteins have 
been identified as important regulators of the F-actin or MT cytoskeletal network, but few 
have been suggested that architecturally bridge these systems and mediate structural 
communication between them. Understanding mechanistically how these cytoskeletal 
elements are interdependent will expand our knowledge of essential cellular processes.  
The principal family of proteins known to directly link the three major cytoskeletal 
components of the cytoskeleton, F-actin, MTs, and intermediate filaments, are the 
evolutionarily conserved spectraplakins (Karakesisoglou et al., 2000; Leung et al., 1999; 
Röper et al., 2002; D. Sun et al., 2001; Yang et al., 1999).  In addition, there is also a 
secondary class of proteins, GAS2-like proteins that also have the ability to link F-actin and 
MTs (Girdler et al., 2016; Goriounov, 2003; Stroud et al., 2011). Note that while the eponym 
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GAS2 protein contains putative F-actin and MT binding domains, only F-actin association 
activity has been observed (Brancolini et al., 1992; Stroud et al., 2014). There are two 
identified mammalian spectraplakins: microtubule actin cross-linking factor 1 (MACF1 or 
ACF7) (G Bernier et al., 1996; Byers et al., 1995) and bullous pemphigoid antigen 1 
(BPAG1 (Sawamura et al., 1990; John R. Stanley et al., 1981; Tamai et al., 1993), MACF2 
or dystonin (Brown et al., 1995; Guo et al., 1995)). There are more genes with the GAS2-like 
proteins with three genes being identified: G2L1 (GAS2-like 1), G2L2 (GAS2-like 2) 
(Goriounov, 2003; Zucman-Rossi et al., 1996), and G2L3 (GAS2-like 3) (Stroud et al., 
2011). The gene diversity of spectraplakins is reduced in less complex organisms, where 
Drosophila and C. elegans only have a single identified spectraplakin, short stop (Shot) (Van 
Vactor et al., 1993)/Kakapo (Gregory & Brown, 1998; Prout et al., 1997; Walsh & Brown, 
1998) and Vab10 (Bosher et al., 2003), respectively. Similarly there is only a single GAS2-
like protein in Drosophila, pickled eggs (PIGS) (Pines et al., 2010), and a solitary 
hypothetical protein in C. elegans, accession 069025 (Stroud et al., 2011).  
Many isoforms of the evolutionarily conserved spectraplakins are enormous 
(>500kdal) and contain many functionally diverse domains and motifs, including an F-actin-
binding calponin-homology (CH) domain(s) (Karakesisoglou et al., 2000; Seungbok Lee & 
Kolodziej, 2002a; Leung et al., 1999; Yang et al., 1996), multiple spectrin (Gregory & 
Brown, 1998; Leung et al., 1999; Speicher & Marchesi, 1984; Strumpf & Volk, 1998) and 
plakin/plectin domain repeats (PDR) (H. J. Choi & Weis, 2011; Jefferson et al., 2004; S Lee 
et al., 2000; Röper et al., 2002; Sonnenberg et al., 2007; Young & Kothary, 2007), a plakin 
domain (H. J. Choi & Weis, 2011; Jefferson et al., 2004; S Lee et al., 2000; Röper et al., 
2002; Sonnenberg et al., 2007; Young & Kothary, 2007), Ca2+-binding EF-Hands, a 
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microtubule-binding GAS2-related domain (GAR) (Leung et al., 1999; Röper et al., 2002; D. 
Sun et al., 2001), a canonical EB1-binding motif (Slep et al., 2005; Subramanian et al., 2003) 
(SxIP), and a Gly-Ser-Arg repeat (GSR) region (D. Sun et al., 2001) (Figure 1.1). Note that a 
plakin domain is comprised of a putative SH3 domain flanked by a series of spectrin-like 
repeats (SLRs). These domains together create a bivalent protein architecture that directly 
binds F-actin and MTs via an N-terminal CH domain and a C-terminal GAS2-GSR-SxIP 
cassette, respectively, with a long rod-like central region formed by a series of spectrin 
repeats and a plakin domain. The intermediate filament-binding region of spectraplakins is 
the frequently centralized PDR, which is not found in many spectraplakin isoforms. In 
contrast, the GAS2-like proteins contain the minimal domains necessary to bind to F-actin 
and microtubules: a single CH domain and the GAR-GSR cassette, respectively.  The EB1-
binding SxIP motif is also present in the majority of the GAS2-like proteins, but is not 
present in the GAS2 protein. The GAS2-like proteins are dwarfed by the related 
spectraplakins, which range in size from between ~75 to 100 kdal.  
Many isoforms of spectraplakins are tissue specific, and often lack domains found in 
the full-length isoforms (Dalpé et al., 1998; Favre et al., 2001; S Lee et al., 2000; Seungbok 
Lee & Kolodziej, 2002a; Leung et al., 1999; Leung, Zheng, et al., 2001; Lin et al., 2005; 
Okuda et al., 1999; Okumura et al., 2002; Röper et al., 2002; Y. Sun et al., 1999). Ablation of 






















disruption of BPAG1/dystonin causes early-onset juvenile death (Guo et al., 1995).  The lack 
of functional epithelial BPAG1/dystonin (BPAG1e) causes persistent skin blistering (Mueller 
et al., 1989; J R Stanley, 1993) and the absence of BPAG1 in neuronal cells causes the 
degenerative neurological disease dystonia (Brown et al., 1995; Duchen et al., 1964; Guo et 
al., 1995), associated with a loss of motor control and severely reduced lifespan. In each of 
these disease states the function of the cytoskeletal network is severely impaired, often with 
gross morphological cytoskeletal deformations.  In vitro studies of ACF7/Dystonin/Shot 
knockout cells have shown abnormalities in cell polarization (Prokop et al., 1998; Reuter et 
al., 2003), migration (Ka et al., 2014; Kodama et al., 2003; Wu et al., 2011), filipodia and 
lamelipodia dynamics (Sanchez-Soriano et al., 2009), intracellular vesicular trafficking 
(Burgo et al., 2012; Kakinuma et al., 2004; Lin et al., 2005; J. J. Liu et al., 2003), and an 
increased stabilization of focal adhesions (Wu et al., 2008).  The abnormalities are mimicked 
in conditional knockout in vivo experiments in mice, with severe deficiencies in cytoskeletal 
coordination and cell migration (Antonellis et al., 2014; Fassett et al., 2013; Goryunov et al., 
2010; Ka et al., 2014; Wu et al., 2011, 2008) . Loss of functional Pigs in Drosophila also has 
a drastic phenotype, where the adults are flightless and females are sterile. This has been 
linked to a perturbation in the endogenous regulation of Notch/Delta signaling (Pines et al., 
2010). These data affirm the important role of the primary cytoskeletal linkers, 
spectraplakins, and the more minor, yet important, function of the GAS2-like proteins in 
many evolutionarily invariant cellular processes.  These data are summarized in Table 1.1. 
The functions of spectraplakins differ by isoform, whose expression is often based on 
tissue-specific promoters or alternative splicing events. Many of the isoforms of  


















Table 1.1 Deleterious phenotypes associated with the loss of GAS2-like proteins or 
spectraplakins  
Table 1.2. Deleterious phenotype associated with loss of GAS2-like proteins and spectraplakins 
KO  In vivo/In vitro Phenotype 
MACF1/ACF7 (General) In vivo Pre-implantation lethality 
(Kodama et al., 2003) 
MACF1/ACF7 (Conditional 
KO) 
In vivo Deficiencies in cytoskeletal 
coordination and cell 
migration (Antonellis et al., 
2014; Fassett et al., 2013; 
Goryunov et al., 2010; Ka et 
al., 2014; Wu et al., 2011, 
2008) 
BPAG1/dystonin (General) In vivo Early onset juvenile death 
(Guo et al., 1995) 
BPAG1e (autoimmune) In vivo Persistent skin blistering 
(Mueller et al., 1989; J R 
Stanley, 1993) 
BPAG1 (Neuronal) In vivo Degenerative neurological 
disease dystonia (A. Brown et 
al., 1995a; Duchen et al., 
1964; Guo et al., 1995) 
Short Stop (Shot) In vivo Severely shorted sensory and 
motor axons (Lee & 
Kolodziej, 2002), disrupted 
lumen formation in fusion 
cells (Lee & Kolodziej, 2002), 
stress-induced tendon cell 
rupturing (Bottenberg et al., 
2009)  
Pickled eggs (Pigs) In vivo Adults are flightless and 
females are sterile (Pines et al., 
2010)  
MACF1/ACF7 In vitro Diminished cell migration (Ka 
et al., 2014; Kodama et al., 
2003; Wu et al., 2011)  and an 
increased stabilization of focal 
adhesions (Wu et al., 2008) 
BPAG1/dystonin In vitro Deficiencies in Intracellular 
vesicular trafficking (Burgo et 
al., 2012; Kakinuma et al., 
2004; Lin et al., 2005; J. J. Liu 
et al., 2003) 
Short Stop (Shot) In vitro Disrupted cell polarization 
(Prokop et al., 1998; Reuter et 
al., 2003) and filipodia and 
lamelipodia dynamics 
(Sanchez-Soriano et al., 2009) 
	
 7 
 Gilbert Bernier et al., 2000; Lin et al., 2005), while distinct variants of dystonin have been 
shown to have expression that is tissue specific, including specific isoform expression in skin 
epidermis (BPAG1e), nervous system (BPAG1n/a), and muscle (BPAG1b). There are 
multiple splice variants of ACF7/BPAG1, with many having distinct/unique N-terminal start 
sites. Isoforms BPAG1a2 and BPAG1a3 have an N-terminal extension, which encodes a 
putative transmembrane domain (Young et al., 2006) and myristoylation site (Jefferson et al., 
2006), respectively. Additionally, there are some variations of both ACF7 and BPAG1 that 
lack either the CH1 domain or the entire CH1/CH2 module, which have been shown to be 
integral for spectraplakin-F-actin interaction. BPAG1e is functionally and structurally unique 
as compared to other spectraplakin isoforms. It lacks both an F-actin and MT binding 
domain, but instead contains a coiled-coil dimerization domain and an intermediate filament-
binding domain. BPAG1e also lacks spectrin repeats and EF-Hands making it drastically 
different than all other spectraplakin isoforms (Figure 1.1). The functional diversity of 
spectraplakins is obtained not by gene number, but by the multitude of isoforms created by 
differential promoter usage and splicing. The domains translated vary by isoform, but with 
the exception of BPAG1e and BPAG1n1-3, almost all known expressed spectraplakins 
contain the integral MT-binding GAR-GSR cassette. This suggests that MT binding may be 
compulsory for its function in the majority of systems. This concept will be considered 
subsequently.  To further substantiate the importance of the MT binding domains, the 
existence of the BPAG1n1-3 isoforms has been contested (Leung, Zheng, et al., 2001), which 
would leave only the epithelial variant to lack the GAR-GSR region. The expression 




The expression patterning of the GAS2-like protein class is also diverse. G2L1 has 
high expression in the brain, heart, kidney and liver and has been shown to inhibit the growth 
of red blood cells (Gamper et al., 2009; Goriounov, 2003). G2L2 has very narrow expression 
and is found only in skeletal muscle, but its function has yet to be delineated (Goriounov, 
2003). G2L3 is ubiquitously expressed (Stroud et al., 2011), is found in many cell types, and 
is potentially involved in tumorigenesis (Wolter et al., 2012). The synopsis of expression and 
general structure is shown in Table 1.2 and Figure 1.1, respectively. 
1.2. General structural organization of cross-linkers 
Due to their immense size (some isoforms >500kdal) there is currently no structural 
data available for a full-length spectraplakin molecule, but there is a compendium of 
structural data regarding multiple individual spectraplakin domains. Based on the original 
EM work done by Tang et al. in 1996, the general structure of the N-terminal region of 
BPAG1e (~600 amino acids) revealed a head domain followed by a rod domain that 
extended approximately 60 nm (Tang et al., 1996).  This broad structure is suggested to be 
similar in other isoforms as well. The GAS2-like proteins lack this conserved rod domain and 
currently there is no structural data for these proteins.  
As stated earlier, the first region of many spectraplakin isoforms consists of calponin 
homology (CH) domains. Recently a crystal structure was determined that contained the CH1 
and CH2 domains as well as the first spectrin-like repeat (SLR) of the plakin domain of the 
































resolution structure of the plakin domain of BPAG1 has been solved (Jefferson et al., 2007).  
This structure contains two SLRs of the plakin domain, but lacks the putative non-canonical 
SH3 domain found in the homologous structures of the plakin domains of desmoplakin (H. J. 
Choi & Weis, 2011) and plectin (Ortega et al., 2011).  Based on sequence conservation 
alignments it is suggested that the plakin domain of both BPAG1 and ACF7 contain four to 
six SLR (Jefferson et al., 2007; Sonnenberg et al., 2007) with a centralized non-canonical 
SH3 domain. These structures are shown in Figure 1.2A-C. 






There are approximately 100-2000 amino acids between the plakin domain and the 
first spectrin repeat. The number is dependent on the isoform and the species. It is suggested 
that there are anywhere from 23-28 spectrin repeats (Jefferson et al., 2007; Ning et al., 2016; 
Noordstra et al., 2016), which, based on structural data from other spectrin repeats, would 
yield a region that could span ~115-140 nm in length. There is currently no structural data of 
the spectrin repeats of spectraplakins themselves, but due to high sequence conservation they 
are assumed to be structurally similar to other spectrin repeats that have been solved to date.  
An example of a region of multiple spectrin repeats from β2-spectrin is shown in Figure 
1.2D. 
Recently, Lane et al. solved the high-resolution structures of both the calcium-
binding EF-hands and the GAR domains of ACF7 (Figure 1.2E) in tandem and showed the 
domains were tethered, but they did not form a ridged structure. Nearly simultaneously 
another group determined the structure of the ACF7 GAR domain which closely aligned with 
this structure by Lane et al. (0.372Å RMSD) (Ma et al., 2017). Additionally, there is a 
solution structure of the GAS2 domain of the GAS2 protein (PDB ID:1V5R), which has an 
overall similar fold and sequence conservation to the GAR domain of ACF7.  
In 2009, a group solved the structure of the C-terminal domain of EB1 with a short 
peptide from MACF2 that contained part of the SxIP motif (Honnappa et al., 2009). 
Sequence conservation and mutational analysis suggested that both a serine/proline rich and 
basic regions are both important for EB1 binding. Only a short region of the MACF2 peptide 
was resolved in this structure, suggesting that a major segment of the SxIP motif required for 
robust tip tracking is disordered.  
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If spectraplakins do have extended rod domain as suggested by early EM data than 
this would make the isoforms that lack the plakin repeat domains an imposing 200+ nm long. 
This is a similar length of the plakin plectin, which is suggested to also be 200 nm (Foisner & 
Wiche, 1987) and also form a head and a rod-like central region. Having a centralized rod 
would create a bivalent architecture with globular head and tail regions that bind to F-actin 
and MTs, respectively, separated by a semi-ridged rod.  Those isoforms that contain the 
globular plakin repeat domains (Figure 1.2F) are suggested to be up to an additional 2000 
amino acids longer, drastically increasing this length of this already immense molecule. One 
possible function of this rod region would be to create a spacer allowing for the actin and MT 
binding domains to function independently of one another in their own distinctive space. 
Interestingly, even though this elongated rod would be suggested to serve a functional 
purpose Kodama et al. showed there was a case where a “minigene” that contains only an F-
actin and MT binding domains was able to rescue a ACF7 KO specific phenotype (Kodama 
et al., 2003).  This is not always the case, as other groups have shown that a “minigene” was 
unable to rescue either the cytoskeletal defects or focal adhesion dynamics in keratinocytes 
caused by a ACF7 KO (Wu et al., 2008). This was paralleled with a cellular localization 
defect of Shot (Applewhite et al., 2013), suggesting the importance of the central rod region 
in some contexts. 
1.3. Spectraplakin function/regulation 
In 2008, Wu et al. showed that ACF7 regulates cytoskeletal-focal adhesion dynamics 
and cell migration through promotion of MT targeting to focal adhesions (FA) (Wu et al., 
2008). FAs are provisional, integrin receptor rich specialized sites of the cell that connect the 
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actin cytoskeleton directly with the extracellular matrix (ECM). These FAs provide the 
adhesion required for the traction force associated with the crawling of a cell across the 
ECM. The propulsive forces are provided by the contractile force of the actin cytoskeleton, 
propelling the cell front forward, while actin stress fiber guided MTs (Kaverina et al., 1998) 
act as a chaperon for the efficient delivery of FA regulatory elements (Palazzo & Gundersen, 
2002). Spatially regulated efficient FA turnover is an integral part of proficient cell crawling 
as hyper-stabilized FAs lead to a reduced migration rate. ACF7 depletion leads to focal 
adhesion stabilization and therefore the mitigation of efficient cell migration. It is suggested 
that the cross-linking of F-actin and MTs by ACF7 at focal adhesions may allow for the 
proper trafficking of proteins responsible for focal adhesion turnover (Wu et al., 2008), in 
particular those proteins involved in the MAP4K4/IQSEC1/Arf6 pathway (Ning et al., 2016). 
More recent biochemical and cellular studies have shown that the Src/FAK (focal 
adhesion kinase) complex can regulate the F-actin binding capability of ACF7 in epidermal 
tissue (Yue et al., 2016) and that MT binding is delimited by the kinase GSK3β in multiple 
tissue types (Ka et al., 2014; Qian et al., 2009; Zaoui et al., 2010) (Figure 1.3A-B). These 
data suggest that efficient crawling of some migratory cells may be controlled by ACF7 
phosphorylation. To add more complexity to the regulation of focal adhesions by ACF7, it 
has also been shown that the ACF7/calmodulin-regulated spectrin-associated protein 3 
(CAMSAP3) complex binds to the minus ends of MTs steering them towards focal adhesions 
allowing for the efficient delivery of MAP4K4 by EB2 (Ning et al., 2016) (Figure 1.3C). 
These data suggest a multifaceted role for ACF7 in the regulation of focal adhesions. 
Interestingly, BPAG1a/b knockdowns show deficiencies in the cell crawling of myoblasts in 















dystonin in cell migration (Poliakova et al., 2014).  
Regulation of ACF7 by GSK3β has been suggested by both in vitro and in vivo 
studies. GSK3β shows high expression in non-stimulated migrational cells, but its expression 
is mitigated at the leading edge of migrating cells both in vivo and in vitro (Etienne-
Manneville & Hall, 2003; Kodama et al., 2003; Yoshimura et al., 2006) suggesting a direct 
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role in migration. Co-immunoprecipitation of brain lysates (Ka et al., 2014) and the stem cell 
bulge of hair follicles (Wu et al., 2011) suggest a physical interaction between GSK3β and 
ACF7. Two clusters of GSK3β phosphorylation sites located in the GSR region of ACF7 
have also been identified (Wu et al., 2011). Wu et al. in 2011 demonstrated that 
constitutively active GSK3β (caGSK3β) in vivo can mimic the neuronal axon growth 
phenotype of knockout ACF7, and rescue was achieved by recalcitrant S:A point mutations 
of residues phosphorylated by GSK3β. Additionally, studies show that taxol-stabilized MT 
binding was mitigated by phosphorylation of these C-terminal residues. The enrichment of 
ACF7 along MTs at the cell periphery of bulge stem cells is greatly enhanced with GSK3β 
inhibition and ablated with caGSK3β. This is paralleled by the disruption of directed 
migration to chemoattractants in these stem cells expressing ACF7 phosphomimetics. 
Interesting, the Drosophila spectraplakin Shot does not seem to be regulated by the GSK3β 
ortholog Zeste-white 3, but by a different mechanism altogether (Applewhite et al., 2013).  
Recently ACF7 in Caco2 epithelial cells was proposed by Ning et al. to link F-actin 
that is undergoing retrograde flow with the minus ends of noncentrosomal microtubules 
through the direct binding of the minus-end associated protein CAMSAP3 (Ning et al., 2016) 
(Figure 1.3C). This cross-linking of F-actin and the minus ends of MTs is thought to steer 
MT growth towards focal adhesions allowing for the efficient transport of focal adhesion 
turnover protein MAP4K4 by EB2.  Expression of CAMSAP3 constructs that lacked the 
ACF7 binding region were unable to rescue deleterious phenotypes associated with 
CAMSAP3/ACF7 KO studies: misdirected EB2 comets, expanded focal adhesion size, and 
MAP4K4-focal adhesion association. These data support an auxiliary role of ACF7 in the 
maintenance of focal adhesions.  A similar role has been found in Drosophila oogenesis, 
	
 17 
where in noncentrosomal MT-organizing centers the Drosophila CAMSAP ortholog Patronin 
links the minus ends of MTs and Shot at the actin-rich oocyte cortex, where the complex acts 
as an anchor for MT growth in a Par-1 dependent manor (Nashchekin et al., 2016) (Figure 
1.3D).  
The spatiotemporal regulation of the Drosophila spectraplakin Shot has been 
suggested to be a mechanism that may be distinct from ACF7: intramolecular inhibition 
(Applewhite et al., 2013) (Figure 1.3E). In 2013, Applewhite et al. demonstrated that the 
Shot N- and C-terminal region directly interact intramolecularly, forming a “closed” state 
that is unable to cross-link F-actin and MTs. While in this “closed” state Shot is unable to 
bind MTs and, based on its localization, EB1 primarily dictates its distribution. This 
inhibition is suggested to be relieved by an unknown mechanism, allowing Shot to act as a 
cross-linker in a spatiotemporal regulated manner. This is shown to be EF-hand dependent, 
though surprisingly it does not seem to be regulated by [Ca2+], suggesting a unique role of 
the EF-hands in Shot. This “open”/”closed” conformational state is also dependent on the 
central rod domain, suggesting that a defined distance between the MT and F-actin binding 
regions is paramount. The EF-hand module in Shot may therefore act as a “spacer”, 
regulating the spacial proximity of the N- and C-termini of the Drosophila spectraplakin.   It 
is noted that this mechanism would require that the rod region act as a “hinge” to connect the 
two terminal regions. The rod region contains many spectrin repeats, which have been shown 





1.4. Actin binding domain 
The actin-binding domain of both spectraplakins and GAS2-like proteins is a 
calponin homology domain (CH).  All known isoforms of the GAS2, GAS2-like family and 
spectraplakins contain at least a single CH domain, with the exception of the BPAG1e 
isoform (Figure 1.1). The majority of the spectraplakin isoforms contain two tandem CH 
domains, CH1 and CH2, while the GAS2-like family contains one. Many other protein 
families utilize a CH1-CH2 cassette to bind F-actin such as fimbrin, plectin, filamin, 
utrophin, dystrophin, α/β parvin, and α-actinin (Sjöblom et al., 2008). The primary structure 
is highly conserved between many of these proteins and ACF7, with plectin CH domains 
having a 78% identity with ACF7 CH1-CH2. In general, each domain consists of only α-
helicies with short loop regions connecting them (Figure 1.4).  
Phosphorylation of the CH domains of ACF7 regulates the binding of F-actin (Figure 
1.3A). The kinase complex Src/FAK potentially regulates ACF7 function in vitro and in vivo 
by increasing ACF7 F-actin binding through the phosphorylation of a region that is between 
CH2 and the first spectrin-repeat like (SLR1) portion of the plakin domain. Co-sedimentation 
assays showed that a phosphomimetic (Y259E) CH1-CH2 module or CH1-CH2 construct 
(included SRL1) incubated with Src/FAK had a drastic increase in F-actin binding affinity 
over WT.  This phosphorylation was shown to be functionally important both in vitro and in 
vivo, where recalcitrant YàF mutations (Src/FAK phosphorylation residues) were unable to 
rescue a wound closure defect. Additionally, in vivo epidermal cell trajectory, persistency 
and velocity were all severely disrupted in ACF7 knockouts and were unable to be rescued 





















Several structural studies have shown that tandem CH domains can adopt either an 
“open” or “closed” conformation in the absence of F-actin binding (Figure 1.4C). Crystal 
structures of fimbrin (Goldsmith et al., 1997), plectin (García-Alvarez et al., 2003), filamin 
(Sawyer et al., 2009), utrophin (Keep et al., 1999), α/β parvin (Lorenz et al., 2008; Stiegler et 
al., 2012), and ACF7 (Yue et al., 2016) all adopt a “closed” conformation, which shows 
significant interactions between the CH1/CH2 domains. The “closed” tertiary structure is 
exceptionally conserved, with ≤ 2.2 Å RMSD between the ACF7 CH1-CH2 module and the 
CH domains of fimbrin, plectin, filamin, utrophin, or α/β parvin (Figure 1.4B). Dystrophin 
(Norwood et al., 2000) and utrophin (Keep et al., 1999) crystal structures reveal a dimeric, 
open structure, but these conformations are unusual because there is a domain swap between 
monomers.  This is not inherently unusual, but dystrophin, as well as many other CH domain 
modules, are all monomeric in solution (Singh & Mallela, 2012), suggesting this open 
conformation may be an artifact of crystallization.  Moreover, there is additional biophysical 
data that suggests dystrophin is in a “closed” conformation in solution (Singh & Mallela, 
2012).  
There does not seem to be a consensus for a catholic conformation of the CH domain 
module upon F-actin binding. Cryo-EM studies suggest that α-actinin adopts a “closed” 
conformation unbound to F-actin and upon F-actin binding the interdomain CH interactions 
are released forming an “open” conformation (Galkin et al., 2010).  These data suggested that 
a closed conformation would clash with F-actin upon binding, thus promoting an “open” 
conformer. This is contrasted in dystrophin and fimbrin, where it is proposed to remain in its 
“closed” conformation even after binding to F-actin (Galkin et al., 2008; Singh & Mallela, 
2012) (Figure 1.4E).  In utrophin the interactions between the CH domains are transient upon 
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F-actin binding, where there is not a single, fixed conformation found (Galkin et al., 2002). 
MTs decorated by tandem CH domains (α-actinin (McGough et al., 1994), utrophin (Galkin 
et al., 2002), fimbrin (Galkin et al., 2008; Hanein et al., 1998)) show that at a minimum the 
N-terminal, major F-actin interacting domain sits in the groove between actin monomers 
forming interactions along the long-pitch helical strands. This interface has been confirmed 
by mutagenesis studies with fimbrin (Honts et al., 1994). Docking of the CH domains of 
ACF7 to fimbrin bound to F-actin shows that the SLR aligns orthogonal to F-actin, giving 
some credence to ACF7 being in a “closed” state upon F-actin binding (Figure 1.4F). The 
interactions between the C-terminal CH domain and F-actin are variable between proteins 
and in the case of utrophin, EM studies have suggested that there are multiple surfaces along 
F-actin that it can bind (Galkin et al., 2002). Even though there is a high sequence and 
structural conservation between CH domains from different classes of proteins it seems likely 
that the mechanism of binding to F-actin is not conserved and varies between protein 
families. An example of this being that CH domains of dystrophin and utrophin do not 
compete for the same binding site on F-actin (Rybakova et al., 2006). 
CH domains have been shown to have novel functions that exceed F-actin binding. 
Interestingly, the obligate homodimer EB1 binds MTs via its CH-domains (Hayashi & Ikura, 
2003), which is structurally very similar to ACF7 CH1 (Figure 1.4D, 3.1 Å RMSD), but 
functionally divergent. Considering the structural conservation of EB1’s CH domain it is not 
surprising that under the right salt conditions EB1 has also been shown to bind to F-actin via 
this domain (Alberico et al., 2016). Other complexes have also been shown to interact with 
MTs via their CH domains: Ndc80 (Cheeseman et al., 2006) and IFT-81/74 (Bhogaraju et al., 
2013). The Ndc80 complex is bound to MTs by “tandem” CH domains from two proteins in 
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the complex: Ndc80 and Nuf2. The two CH domains of this heterologous dimer packs 
divergently from the F-actin binding CH-CH domains. They both crystalize in a “closed” 
conformation, but the interfaces between each CH domain are significantly different from 
one another. The F-actin binding module packs with a pseudo twofold symmetry while the 
MT binding cassette does not (Sjöblom et al., 2008). This exposes a different face of the 
module, suggesting a structural rationale for the different functions of these sets of CH 
domains.  In addition, many groups have shown that high-affinity binding to MTs by the 
Ndc80 complex is contingent upon not only the CH domains, but also the positively charged 
N-terminal tails (Alushin et al., 2010). These N-terminal tails are assumed to bind to the 
highly acidic β-tubulin tails.  The IFT-81/74 complex has a very different architecture, with 
only a single CH domain within IFT-81 and a highly basic tail in IFT-74, both of which are 
required for high-affinity MT binding (Kubo et al., 2016).  
As discussed above, the CH cassette in ACF7 is shown to be regulated by 
phosphorylation by Src/FAK, which is reminiscent of α-actinin, whose CH F-actin binding 
domain is also regulated by FAK (Izaguirre et al., 2001). These juxtaposed domains are 
similar in structure, but vary in function. Three major CH-domain F-actin binding sites 
(ABS) have been identified by biochemical and mutagenesis studies (Sjöblom et al., 2008), 
with two on the N-terminal CH domain and one on the C-terminal region, and are conserved 
in the CH domains of ACF7 (Yue et al., 2016). The unphosphorylated crystal structure by 
Yue et al. adopts a “closed” conformation, with ABS1 buried by intramolecular interactions. 
This phenomenon of the crystal structure being closed is not unexpected, as stated earlier that 
the vast majority of CH-domain containing crystal structures are in a “closed” state. Since the 
CH1-2 module is phosphorylated between CH2 and the plakin domain, the authors explored 
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the structure further to see if these sites became accessible following this post-translational 
modification. SAXS data suggested that this N-terminal fragment adopted a more open 
conformation in both the phosphorylated and native states, as compared to the crystal 
structure, but these structures did not differ from each other (Yue et al., 2016). This suggests 
that the affect phosphorylation has on CH1-CH2 binding to F-actin may be more complex 
than a conformational change.  
With regards to spectraplakin CH domain function, in isolation the CH1 domain is 
able to bind actin, but its affinity is increased significantly in the presence of CH2 (Seungbok 
Lee & Kolodziej, 2002a). Some isoforms contain only the CH2 domain, but in isolation the 
CH2 domain alone has been shown to lack the ability to bind to F-actin (Seungbok Lee & 
Kolodziej, 2002a). The CH1-CH2 domain of ACF7 has a Kd for F-actin of 0.35 µM 
(Karakesisoglou et al., 2000), 0.21 µM for BPAG1 (Yang et al., 1999), and 0.022 µM for 
Shot (Seungbok Lee & Kolodziej, 2002a).  Both the CH-domain of ACF7 and Pigs are able 
to colocalize with F-actin (Girdler et al., 2016; Seungbok Lee & Kolodziej, 2002a) as well as 
protect against depolymerization from cytochalasin D (Girdler et al., 2016; Leung et al., 
1999). Definitively it has been shown that this CH1-CH2 fragment is the major F-actin 
binding region of both spectraplakins and GAS2-like proteins. Interestingly, actin binding 
has been shown to be integral in some tissues, while is seems to be superfluous in others.  In 
Drosophila, specialized epithelial tendon cells anchor the cuticle apically and basally connect 
to muscle cells. To maintain stability during muscle contractions these cells have dense, 
stable networks of actin and MTs. It has previously been shown that the only known 
Drosophila spectraplakin, Shot, is integral in maintaining this connection (Juliana Alves-
Silva et al., 2008; Bottenberg et al., 2009; Prokop et al., 1998; Subramanian et al., 2003). 
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Removal of WT Shot causes this link to be severed during muscle contraction, but 
interestingly a Shot∆CH construct is able to rescue this phenotype (Bottenberg et al., 2009). 
The dispensability of actin binding is mirrored in the developing trachea (Seungbok Lee & 
Kolodziej, 2002b). These data correlate with the mRNA levels of spectraplakin isoforms, 
with isoforms lacking the CH1 domain having predominant expression in these systems (S 
Lee et al., 2000).  Interestingly the CH domain in spectraplakins may also have other 
functions that surpass actin binding, as the CH domains of BPAG1b have been shown to 
interact with the CH domains of both plectin and α-actinin (Steiner-Champliaud et al., 2010). 
This suggests a more complex mechanism for the CH domains of spectraplakins than just F-
actin association.   
1.5. Plakin domain  
Of the two main F-actin-MT cross-linking classes of proteins, only spectraplakins 
have the plakin domain. The plakin domain is named so because it is found in essentially 
every plakin: desmoplakin, plectin, envoplakin, periplakin, and the spectraplakins (Leung, 
Liem, et al., 2001). Structural data from both BPAG1 (Jefferson et al., 2007) and plectin 
(Ortega et al., 2011) shows that the plakin domain contains spectrin-like repeats (SLRs), 
which suggests a common ancestor with spectrin (Figure1.5A-D). Based on sequence 
identity and a partial crystal structure of the plakin domain of BPAG1 and plectin, the plakin 
domain of BPAG1 is likely composed of four to six SLR with a putative Src homology 
domain 3(SH3) domain (which recognizes proline-rich sequences (Kaneko et al., 2008)) 
inserted between them (Jefferson et al., 2007; Sonnenberg et al., 2007). It is plausible that 






















perspective, the fact that other plakins have not been found in Drosophila or C. elegans 
suggest that they are derived from spectraplakins (Leung, Liem, et al., 2001). Interestingly, 
the regulatory kinase FAK, which is a known modulator of ACF7, contains a SH3 binding 
domain (Mitra & Schlaepfer, 2006), suggesting the plakin domain may serve to recruit 
regulatory factors.  In spectraplakins, and in other proteins families containing the plakin 
domain, the plakin domain targets these proteins to membrane-associated junctional proteins 
(Figure 1.5E). An example is that both BPAG1e and plectin interact with β4-integrin and 
BPAG2 through their plakin domain in hemidesmosomes (Koster et al., 2003; Rezniczek et 
al., 1998).  
In addition to associating with junctional proteins, the plakin domain of ACF7 is also 
known to directly interact with adenomatous polyposis coli (APC), a part of the β-catenin 
destruction complex (H. J. Chen et al., 2006). It has also been shown that the plakin domain 
of BPAG1b has the capacity to bind both clatherin and MAP1B (Bhanot et al., 2011). These 
suggest that the role that the plakin domain of spectraplakins play is complex and is currently 
not well understood. Elucidating the role of the plakin domain is a key next step in 
spectraplakin research.  
1.6. Plakin repeat domains  
Plakin repeat domains (PRD) are unique to plakins and are only found in specific 
isoforms of spectraplakins. PRDs contain a highly conserved globular core, called a plectin 
module, which is comprised of 4.5 tandem repeats of a 38-amino-acid motif, known as a 
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plectin/plakin repeat. The tandem repeats are similar, but not identical to each other. In ACF7 
the plectin modules share between 11 and 38% sequence identity. This core is bordered by 
less conserved linkers of variable length (Janda et al., 2001).  Structurally, the plectin/plakin 
repeat fold is comprised of a β-hairpin followed by two antiparallel α-helices (H.-J. Choi et 
al., 2002).  To date, there has been three high-resolution structures of the PRD of the plakins 
envoplakin (Fogl et al., 2016) and desmoplakin (H.-J. Choi et al., 2002; Kang et al., 2016)  
(Figure 1.6). Structurally these PRDs are significantly similar to each other (RMSD=1.135 
Å).  
The main known function of PRD is to bind intermediate filaments. Many plectin 
family proteins have been shown to interact with intermediate filaments (IF) via these 
domains, including: spectraplakins BPAG1e (H.-J. Choi et al., 2002; Figure 1.5E), BPAG1n 
(Yang et al., 1996) and VAB10A (Bosher et al., 2003), desmoplakin (H.-J. Choi et al., 2002; 
Lapouge et al., 2006), periplakin (Karashima & Watt, 2002) and plectin (Nikolic et al., 1996; 
Wiche et al., 1993). Interestingly, the Drosophila spectraplakin Shot isoform B contains 10 
non-canonical PRDs (Röper & Brown, 2003; Röper et al., 2002), but Drosophila lack IFs.  
There is evidence instead that the PRDs in Shot localize it to adherens junctions (Röper & 
Brown, 2003), suggesting that this domain’s function may be multifaceted.  Surprisingly 
BPAG1b contains two PRDs, but does not co-align with any IF network (Steiner-
Champliaud et al., 2010), suggesting a different function for this domain in BPAG1b. 
Interestingly, the PRDs in MACF1b are shown to be sufficient to target the protein to the 
Golgi, suggesting another potential function of this domain (Lin et al., 2005). It should be 
noted that many spectraplakin isoforms do not contain PRDs, and therefore are not expected 















1.7. Spectrin repeat domains  
A spectrin repeat is ~106 amino acids and forms a three α-helix bundle with a heptad 
periodicity, which based on the charged and hydrophobic residue patterning establishes an 
antiparallel coiled-coil (Djinovic-Carugo et al., 2002; Jefferson et al., 2004; Speicher & 
Marchesi, 1984) (Figure 1.5C).  The heptad periodicity can be observed in both the primary 
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structure, in the form of (a-b-c-d-e-f-g)n, as well as the tertiary structure (Parry et al., 1992). 
Based on sequence analysis and secondary structure predictions there are between 23-30 
spectrin repeats (Jefferson et al., 2007; Ning et al., 2016; Noordstra et al., 2016) found in the 
majority of spectraplakin isoforms and these repeats are what classifies spectraplakins as part 
of the spectrin superfamily.  When expressed as an array it is suggested that these repeats 
serve two purposes: to imbue spectraplakins with elasticity during a response to mechanical 
stress and to create a rod-like spacer to spatially separate the N-terminal F-actin binding 
region and the C-terminal MT binding section (Djinovic-Carugo et al., 2002).  Some 
proteins, such as the proto-oncogene protein Dbl, contain only one spectrin repeat, 
suggesting another possible functional role for this domain that exceeds elasticity and spacial 
separation. Often in spectrin-containing proteins, such as in β-spectrin and α-actinin, 
individual or a small array of 2-3 spectrin repeats are involved in protein-protein interactions  
(Djinovic-Carugo et al., 2002). Multiple proteins have been shown to interact with 
spectraplakins via the spectrin repeat domain.  Through cosedimentation assays, several 
proteins known to be associated with the Wnt signaling pathways, such as axin, GSK3β, and 
β-catenin are shown to directly interact with the spectrin repeats of ACF7 (H. J. Chen et al., 
2006). Additionally the spectrin repeats of spectraplakins have been shown to associate with 
a regulator of Rac GTPase signaling ELMO (Margaron et al., 2013), part of the 
dynein/dynactin complex P150glued (J. J. Liu et al., 2003) and the minus-end MT binding 
protein calmodulin-regulated spectrin associated protein family member 3  
CAMSAP3)/Patronin (Nashchekin et al., 2016; Ning et al., 2016). The interaction between 
P150glued and BPAG1a1 in sensory neurons is mediated through the ezrin/radixin/moesin  





















repeats (J. J. Liu et al., 2003). In addition, a region in BPAG1a1 identified as ERM2, which 
constitutes multiple spectrin repeats as well as the C-terminal MT binding domains, has been 
shown to bind the endosomal integral membrane protein retrolinkin (J.-J. Liu et al., 2007).  A 
synopsis of these interactions as well as others is shown in Figure 1.7A.  
Having the ability to bind both P150glued and retrolinkin endows BPAG1 the ability to 
tether endosomal vesicles to dynactin/dynein, which may facilitate neuronal retrograde 
vesicular transport. Interestingly, disruptions of either P150glued or retrolinkin and BPAG1a1 
both have the same phenotype; interference of retrograde axonal transport (Figure 1.7B). 
This phenotype is suggested to be the cause of dystonia, the neurodegenerative disease 
associated with loss of functional BPAG1a in neurons (J. J. Liu et al., 2003).  
It is also significant that the interactions with P150glued and CAMSAP3 can position 
spectraplakins on MTs. This suggests that MT interaction/colocalization is more complex 
that the direct interactions between a module containing the EF-hands, GAR, SxIP, and GSR 
motif and is therefore more robustly regulated in many systems.  
1.8. EF-Hand domains 
Typical EF-Hands are Ca2+-binding domains. The ACF7 EF-Hand1-2 segment adopts 
two anti-parallel helix-loop-helix motifs connected by a short β-sheet with a pseudo two-fold 
symmetry (Lane et al., 2017) (Figure 1.8A). Spectraplakins have two EF-hands, EF1 and 
EF2, and each contain a putative Ca2+ binding site. Each Ca2+ binding site is composed of 
four negatively charged residues that cage the bound Ca2+ ions. The module also consists of 
















the EF-Hands1-2 of ACF7 reveals that the coordinated domains contain canonical EF-Hand 
Ca2+ binding sites consistent with the prototypical DxDxDG calcium-binding loop sequence 
(Rigden & Galperin, 2004; Rigden et al., 2011). It is noted that the domain was crystallized 
under high [Ca2+] conditions, so Ca2+ binding may or may not be physiological.  
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Conventionally Ca+2-sensitive EF-hand proteins are classified in two major groups: 
calcium sensors, such as calmodulin, in which a structural change upon Ca2+ binding elicits a 
variable cellular response and calcium buffers, such as parvalbumin, that regulate free Ca2+ 
in a cell, modulating the response of nearby calcium sensors (Gifford et al., 2007). There are 
also a number of instances where one or more of the EF-hand domains of a protein 
evolutionarily have lost their ability to bind Ca2+ altogether (Gifford et al., 2007). There are a 
multitude of protein superfamilies that express the EF-hand domains. These domains are 
nearly always expressed in tandem and the total number of EF-Hand motifs found in a 
protein family is variable, with a range from two up to twelve (Grabarek, 2006). 
Interestingly, the perpendicular EF-hand N-terminal α-helix extension of ACF7 is 
reminiscent of the interaction between the activated, Ca2+-bound EF3-EF4 module of 
calmodulin and a peptide of the integral membrane protein STRA6 (Y. Chen et al., 2016), 
suggesting that the crystal structure may be of an activated EF-hand module. 
BPAG1a1 association with the MT lattice is Ca2+-dependent. In COS7 cells, there is a 
significant shift in the population of BPAG1 from the plus tips of MTs to the lattice 
following an increase in intracellular calcium and this effect is dependent on the EF-Hand 
module. In vitro studies showed a significant decrease in the affinity of BPAG1 for EB1 in 
the presence of calcium, suggesting that regulating this interaction causes the population shift 
(Kapur et al., 2012) (Figure 1.8B). The Drosophila spectraplakin Shot does not seem to be 
regulated by a shift in calcium concentration even though it contains the highly conserved 
EF-Hands, suggesting it is delimited by a different mechanism (Applewhite et al., 2013). It is 
noteworthy that the second EF-hand of Shot (EF-Hand2) lacks the canonical DxDxDG 
calcium-binding motif found in the mammalian counterparts, which would support a variable 
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mechanism. It is unknown if this can be extrapolated to ACF7. It has also been suggested that 
the EF-hands of ACF7 enhance spectraplakin-MT binding though the direct interaction 
between a EF-hand positive surface patch and the negative tails of tubulin (Lane et al., 2017).   
In vivo studies in Drosophila have shown that the EF-hand domains are required for 
proper rescue of the most severe neurological defects, including proper dendrite extension 
(Bottenberg et al., 2009) and axonal extension (Seungbok Lee & Kolodziej, 2002a) / 
pathfinding (Seongsoo Lee et al., 2007). Additionally, the EF-hand motif is essential to 
rescue neuronal growth cone filopodia formation defects in null Shot Drosophila primary 
neurons during neuronal growth (Sanchez-Soriano et al., 2009). ShotΔEF-Hand also was 
unable to rescue the typical MT co-localization in S2 cells (Applewhite et al., 2013). The role 
that the EF-hand motif has in maintaining a functional spectraplakin is currently not very 
well understood. Ca+2 has been shown to bind to EF-hand domains in many other protein 
families and can often directly regulate protein function (Gifford et al., 2007). In vitro studies 
of the Drosophila spectraplakin Shot have suggested Ca+2 levels do not directly regulate its 
function, though in some cases removal of the EF-hands grossly disrupts function. This 
suggests a potentially different role of the spectraplakin’s EF-hands in Drosophila. Recently, 
the EF-hand of the Drosophila spectraplakin Shot has been shown to directly interact with 
the novel translation inhibitor Krasavietz and this interaction has been implicated in the 
directional migration of CNS axons (Seongsoo Lee et al., 2007). It has also shown to be 
required to maintain Shot’s autoinhibited state in the cell interior (Applewhite et al., 2013). 
The EF-Hand motif seems to be dispensable in some system-specific phenotype rescues, but 
necessary in others. While there is now structural data of the EF-hands of spectraplakins, the 
role that this domain has on their function is not well understood and merits further study.   
	
 35 
1.9. GAR-GSR-SxIP domains 
The GAR module is known to be the major MT-binding region in spectraplakins and 
Gas2-like proteins. There are high-resolution crystal structures of the GAR domain of ACF7 
(Lane et al., 2017; Ma et al., 2017) (Figure 1.9).  Due to the high conservation of the primary 
sequence of GAR domain between genes, these structures are suggested to be representative 
of all spectraplakin and Gas2-like protein GAR domains. This is confirmed by the strong 
structural conservation between the GAS2 domain of GAS2 (PDB: 1V5R) and the ACF7 
GAR (PDB: 5VE9; Lane et al., 2017) domain (RMSD=1.137 Å). The ACF7 GAR domain 
initiates with an N-terminal α-helix that follows into a heptameric anti-parallel β-sheet and a 
short C-terminal α-helix (Figure 1.9A).  The two helices run anti-parallel to each other and 
their flexible loop regions contains a Zn2+ coordination site, which contains three highly 
conserved cysteine residues and a glutamic acid. Zn2+ binding to this region has been shown 
to be structurally essential (Lane et al., 2017). Analysis of the surface potential of the GAR 
domain of ACF7 revealed a major positive surface charge patch (Figure 1.9B). Direct 
interactions between MTs and MT-associated proteins are often electrostatic interfaces that 
occur between the C-terminal acid tail of tubulin and a region of positive charge on the 
associated protein (Wu et al., 2011). It was identified though mutagenesis studies that this 
positive surface region of the GAR domain is responsible for the direct binding of 
spectraplakins to MTs (Lane et al., 2017).  This electrostatic interaction was substantiated in 
vitro, as a GAR-GSR-SxIP module has reduced affinity for MTs following the cleavage of 





















overall mechanism of how the ACF7 GAR domain interacts with MTs, exactly how the GAR 
domain binds the MT lattice at atomic resolution remains to be determined. As discussed 
earlier, the GAR domain is essential for MT binding and in nearly every instance when this 
domain is removed the modified spectraplakin fails to rescue the KO phenotype. MT lattice 
binding therefore appears to be compulsory for many of the spectraplakin functions. 
Multiple studies have established that the GAR domains of spectraplakins and GAS2-
like proteins are necessary and sufficient to bind MTs and stabilize them against 
pharmacological agents known to promote MT depolymerization (J. Alves-Silva et al., 2012; 
Girdler et al., 2016; Seungbok Lee & Kolodziej, 2002a; Leung et al., 1999; D. Sun et al., 
2001), but there is strong evidence that multiple domains are working in concert to regulate 
the MT interactions of spectraplakins. These include a C-terminal glycine, serine, arginine 
rich region (GSR), which is also known to directly bind to MTs (D. Sun et al., 2001) and 
enhance GAR-MT binding (J. Alves-Silva et al., 2012; Leung et al., 1999; D. Sun et al., 
2001; Wu et al., 2011). The GSR region is also found in plectins where it is sufficient to bind 
to MTs, albeit weakly (D. Sun et al., 2001). There is no predicted structure of the GSR region 
of spectraplakins. EM data shows that the GAR-GSR cassette decorates the MT lattice in 
distinct 80 Å segments, suggesting that the module preferentially binds either α- or β-tubulin 
(Wu et al., 2011).  
The SxIP motif of spectraplakins and many of the GAS2-like proteins are responsible 
for binding to the MT plus-tip associated protein EB1 (Applewhite et al., 2010; Girdler et al., 
2016; Slep et al., 2005; Stroud et al., 2014; Subramanian et al., 2003) and EB3 (J. Alves-
Silva et al., 2012). In 2005, Slep et al. solved the structure of the C-terminal domain of EB1 
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(Slep et al., 2005). Overall the structure of EB1 was a homodimer composed of a coiled coil 
and a four-helix bundle (Figure 1.9C). The binding site for the SxIP motif was identified via 
mutagenesis studies to be at the junction between the one of the independent helices and the 
coiled-coil. These studies discovered that Shot, BPAG1, and APC all had EB1 binding 
though a highly conserved SxIP motif.  In 2009, another group solved a structure of the C-
terminal domain of EB1 with a partial SxIP motif from BPAG1 (Honnappa et al., 2009). 
These data show that the isoleucine and proline residues of the SxIP sequence are buried in 
the hydrophobic cleft of EB1, while the serine residue formed an extensive hydrogen bond 
network between multiple conserved residues within EB1. Interestingly, multiple SxIP motifs 
show superior plus tip tracking as compared with a single SxIP motif.  This has been shown 
for both plus tip trackers with multiple native SxIP motifs and by the artificial dimerization 
of individual SxIP motifs (Honnappa et al., 2009). This structure as well as a lot of other data 
show direct EB1 interaction with the spectraplakin SxIP motif and gives credence to the fact 
that spectraplakins are plus-end tracking proteins. The necessity of the SxIP motif in many 
contexts signifies the importance of this interaction. Interestingly, while almost all isoforms 
of spectraplakins contain the SxIP binding motif, neither GAS2 or GAS2-like protein 3 
contain putative or functional SxIP motifs, respectively, suggesting that their functions may 
be vastly different than their plus-tip tracking homologs. 
This SxIP motif has been shown to be integral for spectraplakin function in multiple 
contexts. In vitro studies have shown that a significant portion of cultured primary neurons 
have disorganized MTs and this phenotype was unable to be rescued by a ShotΔSxIP 
construct. This extends to in vivo studies, where embryonic motor neurons require Shot with 
a functioning SxIP motif for normal motor and primary neuron length (Alves-Silva et al., 
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2012).   Surprisingly, while the EB1 binding is essential for Shot function in motor and 
primary neuronal cells, it is dispensable in tendon cells (Alves-Silva et al., 2012). Binding to 
EB1 is therefore proposed to be integral for the proper function of both spectraplakins and 
GAS2-like proteins in some, but not all, systems.  
1.10. General synopsis  
Spectraplakins and GAS2-like proteins are both versatile protein classes that exhibit 
cross-linking behavior. This cross-linking has been shown to be vital for multiple 
fundamental cellular processes, such as: cellular migration, focal adhesion dynamics, 
dendrite formation, and intracellular trafficking. While little is known about the regulation of 
GAS2-like proteins, many isoform/tissue specific regulatory elements have been delineated 
for spectraplakins. These elements have suggested that spectraplakins function in more 
diverse ways than by simply linking F-actin and MTs through their N- and C-terminal 
domains, respectively. They engage MTs in multiple ways, either directly or through an 
intermediary protein. In addition to cross-linking, spectraplakins exhibit both plus-tip 
tracking and minus-end binding through their interactions with EB1/2/3 and 
CAMSAP3/Patronin, respectively. These interactions require a SxIP motif (EB1/2/3) and the 
“19th” spectrin repeat (CAMSAP3/Patronin), respectively. Additionally, spectraplakin F-
actin and MT binding has also been shown to be regulated via phosphorylation. 
Phosphorylation at the C-termini of ACF7 by GSK3β mitigates MT lattice binding while 
phosphorylation by the Src/FAK complex at the N-termini up regulates F-actin binding.  
Additionally, the deficiency in the direct linking of BPAG1 with the integral endosomal 
protein Retrolinkin and p150glued of the dynactin complex is suggested to cause the 
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neurodegenerative disease dystonia. This is thought to occur because of aberrant retrograde 
flow of endosomal vesicles. While there is a lack of understanding regarding the regulation 
of GAS2-like proteins, the functions and regulations of spectraplakins have been found to be 
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CHAPTER 2: THE STRUCTURE OF THE ACF7 EF1-EF2-GAR DOMAINS 1 
2.1. Summary 
 Spectraplakins are large bivalent molecules that cross-link F-actin and microtubules 
(MTs). Mutations in spectraplakins yield dystonia, defective cell polarization, and aberrant 
focal adhesion dynamics. While the structure and F-actin binding mechanism of the N-
terminal domain has been resolved, the structure and MT-binding mechanism of the C-
terminal EF1-EF2-GAR module has remained elusive. We present the 2.8 Å crystal structure 
of the hACF7 EF1-EF2-GAR module. The EF1-EF2 and GAR domains are autonomous 
domains connected by a flexible linker. The EF1-EF2 domain is an EFβ-scaffold with two 
bound Ca2+ ions that straddles a N-terminal α-helix. The GAR domain has a unique α/β 
sandwich fold that coordinates Zn2+.  
2.2. Introduction 
The dynamic MT and F-actin cytoskeletal networks create a complex cellular 
infrastructure critical for basic processes including cellular migration, focal adhesion 
dynamics, dendrite formation, and intracellular trafficking. These biological processes dually 
engage the actin and MT networks and require coordinated polarity and dynamics. 
Underlying cytoskeletal coordination, coupling, and communication are a set of MT-F-actin 
																																																								
1Parts of this chapter previously appeared as an article in the journal Structure. The original 
citation is as follows: Lane TR, Fuchs E, Slep KC. Structure of the ACF7 EF-Hand-GAR 
Module and Delineation of Microtubule Binding Determinants. Structure. 2017;25(7):1130-
1138.e6. DOI: 10.1016/j.str.2017.05.006 
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cytoskeletal cross-linkers. Determining how cytoskeletal cross-linkers engage, coordinate, 
and regulate the dynamics of each network is an active area of research. 
  The spectraplakins are a conserved family of actin-MT cross-linking proteins ((Yang 
et al., 1999). There are two mammalian spectraplakins: MT actin cross-linking factor 1 
(MACF1 or ACF7) (Byers et al., 1995) and bullous pemphigoid antigen 1 
(BPAG1/MACF2/dystonin) (Stanley et al., 1981; Brown et al., 1995; Guo et al., 1995). 
Drosophila and C. elegans only have a single spectraplakin, Short stop (Van Vactor et al., 
1993) and VAB-10 (Bosher et al., 2003) respectively. Many spectraplakin isoforms are 
enormous (>500 kD) and contain functionally diverse domains and motifs including: N-
terminal F-actin-binding calponin-homology (CH) domains (Karakesisoglou et al., 2000; 
Yang et al., 1996), a central rod-like domain composed of multiple spectrin and plakin 
repeats, and a C-terminal MT-binding region that includes two Ca2+-binding EF-Hands, a 
MT-binding Growth arrest specific 2 (Gas2)-related (GAR) domain (Leung et al., 1999; Sun 
et al., 2001), a Gly-Ser-Arg repeat (GSR) region, and an EB1-binding SxIP motif (Slep et al., 
2005; Subramanian et al., 2003) (Figure 2.1A,B). These domains create a bivalent protein 
architecture that couples F-actin and MTs. 
Deleting or mutating spectraplakins yields dramatic phenotypes that vary depending 
on the organism and cell type. Knocking out ACF7 in mice causes pre-implantation lethality 
(Kodama et al., 2003), while disruption of BPAG1 causes early-onset postnatal death (Yang 
et al., 1996). Lack of functional BPAG1 in epithelial tissue causes bullous pemphigoid, 
yielding persistent skin blistering (Mueller et al., 1989), while the absence of BPAG1 in 
neuronal cells causes the degenerative neurological disease dystonia (Brown et al., 1995; 
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Guo et al., 1995). In each of these disease states, cells exhibit gross morphological changes in 
cytoskeletal structure and organization (Suozzi et al., 2012). Knocking out ACF7 or BPAG1 
in cells yields defects in cellular polarization (Prokop et al., 1998), migration (Kodama et al., 
2003; Wu et al., 2011), intracellular vesicular trafficking (Liu et al., 2003), and focal 
adhesion dynamics (Wu et al., 2008; Yue et al., 2016). Collectively, spectraplakins play 
critical roles in many core biological processes. 
While the structure and actin-binding mechanism of the spectraplakin CH domain has 
been described (Yue et al., 2016), we lack an understanding of spectraplakin-MT 
interactions. Before we discuss the binding mechanism, we first present the 2.8 Å crystal 
structure of the EF1-EF2-GAR module. Within this module the GAR domain has been 
shown to be sufficient to bind MTs (Leung et al., 1999; Sun et al., 2001), though the function 
of the EF1-EF2 domain in ACF7 remained elusive. The EF1-EF2 module has shown to 
regulate EB1 interactions in BPAG1(Kapur et al., 2012), but the universality of this in all 
spectraplakins remains undetermined. The EF1-EF2 domain contains a typical helix-turn-
helix motif indicative of EF-hands, is bound to two Ca2+ ions and is tethered to the GAR 
domain by a flexible linker. A more detailed analysis of the EF-hands of ACF7 has revealed 
interesting caveats in the Ca2+-binding region of the EF-hands, which is discussed below. 
The structure of the GAR domain reveals a highly conserved, novel α/β-sandwich fold that 





2.3.1. Trypsin digest of hACF7 EF1-EF2-GAR, EF1-EF2, His-GAR 
hACF7 EF1-EF2-GAR (residues 7024-7206), EF1-EF2 (residues 7018-7116), and 
His-GAR (residues 7117-7206) trypsin digests were all done at room temperature using the 
following protocol: 20 µg (8 µl) of trypsin (Gibco) was added to 50 µg of the protein of 
interest (1:2.5 trypsin:hACF7) in 17 µl HEPES buffer (25 mM HEPES (pH 8.0), 100 mM 
NaCl, 0.1% β-ME). Samples incubated at room temperature for 0.1, 5, 10, 20, 30, 40, 60, 90, 
120, and 160 mins (hACF7 EF1-EF2-GAR only for 160 mins). At each time point, SDS was 
added and the reaction was boiled for 20 mins to quench the digest and samples were 
maintained on ice. Once the final sample was quenched, time points were immediately 
analyzed via SDS-PAGE. Samples with trypsin or protein alone were also incubated for the 
entirety of the experiment at room temperature as controls. 
2.3.2. Size exclusion chromatography with multi-angle light scattering (SEC-MALS) 
hACF7 EF1-EF2-GAR (residues 7024-7206, 8 and 5 mg/ml,100 µl), His-GAR 
(residues 7117-7206,1 mg/ml,100 µl), EF1-EF2 (residues 7018-7116, 2.5 mg/ml, 100µl), 
His-GAR + EF1-EF2 (same concentrations as individual experiments, ≈2:1 molar ratio EF1-
EF2:GAR) were injected onto a Superdex 200 10/300 GL size exclusion column (GE 
Healthcare) at 0.5 ml/min in running buffer (25 mM Tris, pH 8.0, 300 mM NaCl, 0.1% β-
mercaptoethanol, and 0.2 g/liter sodium azide) and then passed serially through a UV 
detector, a light scattering instrument (DAWN HELEOS II; Wyatt Technology), and a 
refractometer (Optilab rEX; Wyatt Technology). The light scattering and refractive index 
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data were used to calculate the weight-averaged molar mass using Wyatt Astra V software 
(Wyatt Technology). Data were processed with ASTRA software and plotted using Prism 6. 
hACF7 EF1-EF2-GAR samples injected at 8 mg/ml and 5 mg/ml eluted as a single Gaussian 
peak with an experimentally determined molecular weight of 24.6±0.8 and 26.4±0.8 kDa 
respectively, corresponding to a predominantly monomeric population (99.1% and 96.4% 
respectively). This is reiterated with both hACF7 His-GAR (14.2±1.8 kDa, 98.0%) and 
hACF7 EF1-EF2 (16.4±1.4 kDa, 100%), which both yield a single Gaussian peak when 
analyzed individually. The combined hACF7 His-GAR and EF1-EF2 also produced a single 
peak (100%, 13.8±0.4 kDa) corresponding to no interaction between the domains. 
Theoretical values suggesting no interaction were generated by the addition of the differential 
refractive index for hACF7 His-GAR and EF1-EF2 run individually. The approximate 2-fold 
molar excess of hACF7 EF1-EF2 and His-GAR were incubated overnight at 4°C to allow for 
sufficient time to potentially interact. 
2.3.3. Cloning, expression and protein purification 




LPE) was subcloned into pET28 (Novagen) with a PreScission (GE Healthcare) cleavage site 
(LEVLFQ/GP), expressed in BL21 DE3 E. coli grown in Luria broth (50 µg/ml kanamycin) 
at 37°C and induced at OD600=0.8 with 0.1 mM isopropyl-β-D-thiogalactoside for 16 hrs at 
20°C. Cells were isolated by centrifugation at 2900xg, resuspended in 250 ml buffer A (25 
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mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, 100 µM ZnCl2, 2 mM CaCl2, 0.1% β-
mercaptoethanol (β-ME)), and stored at −20°C. The cells were thawed and sonicated with the 
addition of 1 mM PMSF as a protease inhibitor, centrifuged at 26900xg for 50 mins, and then 
purified using Ni2+-NTA (QIAGEN) chromatography (5 ml CV). The supernatant was loaded 
on the column by gravity at 4°C and then subsequently washed with 150 ml of buffer A. The 
protein was eluted by fractionation (5 ml) via FPLC (GE Healthcare) with a gradient of 10-
300 mM (0-100%) imidazole over 50 fractions. The protein eluted off the column between 
70-115 mM imidazole. The fractions were pooled and buffer exchanged into Buffer C (25 
mM HEPES (pH 8.0), 50 mM NaCl, 0.1% β-ME, 100 µM ZnCl2, 2 mM CaCl2). The 
hexahistidine tag was cleaved by PreScission protease (GE Healthcare) at 4°C for 18hrs. The 
cleaved protein was loaded onto an SP-sepharose (GE Healthcare) column (5 ml) and eluted 
off by fractionation (5 ml) via FPLC (GE Healthcare) with a gradient of 50mM-1M NaCl (0-
100%) over 50 fractions. The protein eluted off the column between 250-400 mM NaCl. 
Protein eluted off between 300-400 mM NaCl was pooled and exchanged into 25 mM 
HEPES (pH 8.0), 150 mM NaCl, 0.1% β-ME, 100 µM ZnCl2, 2 mM CaCl2, concentrated to 
10 mg/ml using a 10kDa cut-off centrifugal filter (Millipore), flash frozen in liquid nitrogen, 
and stored at -80°C. 
2.3.4. Crystallization, data collection, structure determination, and refinement 
hACF7 EF1-EF2-GAR (residues 7024-7206, 10.0 mg/ml) was crystallized by the hanging 
drop method using a mother liquor (1 ml) containing 0.2 M KCl, 20% PEG3350. A 2 µl 
aliquot of hACF7 EF1-EF2-GAR at 10.0 mg/ml in crystallization buffer (25mM HEPES (pH 
8.0), 150 mM NaCl, 0.1% β-ME, 100 µM ZnCl2, 2 mM CaCl2) was added to 2 µl of mother 
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liquor at a 1:1 ratio on a siliconized glass coverslip (Hampton Research) and then sealed to 
reach equilibrium with the 1 ml mother liquor at 20°C in VDX plates (Hampton Research).  
Approximately 10 days following set up, crystals were harvested and transferred to 
perfluoropolyether oil (Mitegen, LV Cryo Oil) and flash frozen in liquid nitrogen. A zinc 
SAD peak diffraction data set (1.28295 Å) was collected using the 23-ID beamline 
(Advanced Photon Source, Argonne National Laboratory) at 100K. HKL2000 (Otwinowski 
& Minor, 1997), PHENIX (Adams et al., 2010), and Coot (Emsley et al., 2010) were used to 
integrate and scale diffraction data, solve and refine, and build the structure, respectively. 
Diffraction data was scaled and processed to 2.8 Å-resolution based on CC1/2 and Chi2 
values in the final shell (2.90-2.80 Å) which dropped off significantly beyond 2.80 Å. Zn2+ 
and Ca2+ ions were identified and used to generate initial experimental, density-modified 
electron density maps (PHENIX). An initial model was generated using AutoBuild 
(PHENIX). Reiterative building in Coot followed by refinement runs using phenix.refine 
(PHENIX) were performed using individual B-factor refinement, experimental phase 
restraints against a maximum-likelihood Hendrickson-Lattman target (MLHL), optimized x-
ray/stereochemistry weight/ADP weight, and translation libration screw-motion refinement 
(12 TLS groups). Rfree was calculated using 10% of the data randomly excluded from 
refinement. The final model includes two hACF7 EF1-EF2 domains (residues 7024-7108, 
Chains A and B), a single GAR domain (residues 7118-7191, Chain C), 4 Ca2+ ions, 2 Zn2+ 
ions, and 11 water molecules (Rfree = 0.279). One Zn2+ ion was bound to the GAR domain by 
3 cysteines (C7133, C7135, C7188) and an aspartic acid (D7186). A second Zn2+ ion 
interacted with a histidine residue introduced during cloning, as well as D7019 and R7032. 
Figures were generated using PyMOL (Schrödinger) and APBS (Baker et al., 2001).  
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2.3.5. Analysis of the hACF7 EF1-EF2-GAR construct following crystallization 
All crystals analyzed via SDS-PAGE were grown in PEG3350 and KCl (as described 
above) and were harvested approximately 4 months after setup. The crystals were isolated 
from the remaining solubilized protein before analysis. Each sample consisted of a 2 µl 
aliquot of hACF7 EF1-EF2-GAR (residues 7024-7206) at 10.0 mg/ml in crystallization 
buffer (25mM HEPES (pH 8.0), 150 mM NaCl, 0.1% β-ME, 100 µM ZnCl2, 2 mM CaCl2) 
combined with 2 µl of the mother liquor at a 1:1 ratio on a siliconized glass coverslip 
(Hampton Research) and then sealed to reach equilibrium with the 1 ml mother liquor at 
20°C in VDX plates (Hampton Research). Crystals were harvested, crushed in 20 µl of 
crystallization buffer, SDS loading buffer added, boiled for 15 mins, and then analyzed using 
SDS-PAGE. The resuspended crystals were comparatively run against thawed, frozen stocks 
(-80°C) of hACF7 EF1-EF2-GAR (residues 7024-7206), EF1-EF2 (residues 7018-7116), and 
His-GAR (residues 7117-7206), revealing an intact EF1-EF2-GAR.   
2.4 Results 
2.4.1. Overall Structure of the EF1-EF2-GAR Module 
To gain structural insight into the highly conserved spectraplakin C-terminal EF1-
EF2-GAR MT-binding module (Figure 2.1A-C) we expressed and purified hACF7 residues 
7024-7206. We analyzed this construct (formula weight = 21.6 kDa) using size exclusion 
chromatography with multi-angle light scattering (SEC-MALS) to determine its oligomeric 



















determined mass of 24.6 kDa (Figure 2.1D), indicating that the module is primarily 
monomeric in solution. 
Crystals of the hACF7 EF1-EF2-GAR module exhibited diffraction consistent with 
the space group P3121 with two copies of the module in the asymmetric unit.  A single 
wavelength anomalous dispersion (SAD) data set was collected at the zinc K edge. The 
experimental electron density allowed model building for two EF1-EF2 domains (Chains A 
and B) as well as a single GAR domain (Chain C) in the asymmetric unit (ASU) (Figure 
2.1E). The structure was refined to 2.8 Å resolution, yielding a final Rfree value of 0.279. X-
ray crystallographic statistics are presented in Table 2.1. There was insufficient electron 
density to resolve a 9-residue stretch (residues 7109-7117) that connects the EF1-EF2 and 
GAR domains. The lack of density for the second GAR domain and the linker that joins it to 
the EF1-EF2 domain suggests that the EF1-EF2 domain and the GAR domain are tethered 
but have relative independent freedom to sample space. In support, limit trypsin proteolysis 
of the EF1-EF2-GAR module in solution yielded products with molecular weights that 
paralleled those of the independent domains, indicative that the linker joining the domains is 
accessible (Figure 2.2A). SDS-PAGE analysis of harvested crystals revealed that minimal 
proteolysis of the module had occurred (Figure 2.2B). This suggests that the second GAR 
domain is present in the lattice, but is not ordered, and likely resides in the large ~40 Å 
diameter channels that contribute to 66% of the crystal space not occupied by the model 
(Figure 2.2C). The shortest distances between the first and last residues modeled of the GAR 
and EF1-EF2 domains respectively are 15.5 Å (EF1-EF2 chain A in the ASU), 12.5 Å (EF1-
EF2 chain A, symmetry mate X-Y,-Y,-Z+2/3), and 11.6 Å (EF1-EF2 chain B, symmetry 
























Table 2.1. Crystallographic data and refinement statistics 
Rmerge = ΣhklΣi|Ii(hkl) - <I(hkl)>|/ΣhklΣiIi(hkl). 
Rwork = Σ|Fc - Fo|)/ΣFo. 
Values in parentheses indicate statistics for the highest-resolution bin. 
 
was associated with the GAR domain modeled, the GAR domain was given an independent 
chain ID. Several of the direct interactions between the EF1-2 dimer and GAR domains are 
between hydrophobic residues that were residual artifacts from purification (Gly-His-Met). 
Because several of the prime interactions between the EF1-EF2 domains and the GAR 
domain involve these hydrophobic residues at the N-terminal region of each EF1-EF2 
H.s. ACF7 EF1-EF2-GAR 
Data Collection 
Beamline 23-ID, GM/CA-CAT, APS, ANL 
Wavelength (Å) 1.28295 
Space group P3121 
Cell: a,b,c (Å) 92.98, 92.98, 90.45 
Resolution (Å) 41.35  - 2.80 (2.90  - 2.80) 
# Reflections: total/unique  244648 (11546)/ 11285 (1131) 
Completeness (%) 100 (100) 
<|I/σ|> 27.08 (2.62) 
Multiplicity 21.2 (18.6) 
Rmerge 0.1295 (1.161) 
CC1/2 0.999 (0.858) 
Refinement 
Refinement Resolution (Å) 41.35  - 2.80 (2.90  - 2.80) 
Rwork 0.256 (0.358) 
Rfree 0.279 (0.445) 
Rmsd bond lengths (Å)  0.003 
Rmsd bond angles (°) 0.75 
Average B-factor (Å2) 84.30 
Rfree test set size   (%) 10.08 
Rfree test set count 1138 
Mean B-factors (A): overall/protein/water 84.30/84.30/65.70 
Ramachandran analysis: favored/ allowed (%)  94.74/5.26 


















domain that were added in cloning suggests that an interaction between the GAR domain and 
the EF1-EF2 domains is not physiological (Figure 2.2E). In addition, since the EF1-2-GAS2 
construct was found almost exclusively in a monomer state in solution (Figure 2.1E), further 
suggesting that these interactions were stabilized during crystallization. Additionally, in the 
model, the GAR domain engages an EF1-EF2:EF1-EF2 crystal packing interface that would 
not occur in the module’s monomeric solution state (Figure 2.1D). We also used SEC-MALS 
to test whether the EF1-EF2 domain and the GAR domain could interact in trans (expressed 
and purified as separate peptides and tested at a 2:1 molar ratio) but we did not detect an 
interaction (Figure 2.2F). For these reasons we do not view interactions between the EF1-
EF2 domains and the GAR domain in our crystal structure to be biologically relevant. 
Accordingly, we present and interpret the structure of each domain independently. 
The crystal structure also revealed two bound Zn2+ ions. One of the bound Zn2+ 
interfaces with a single EF-hand monomer, interacting with a residual histidine residue from 
protein purification as well as D7019 and R7032. Further analysis would be required to 
assess the likelihood of this being a native ionic interaction, though only being found in a 
single monomer suggests that this interaction may be anomalous.  The additional Zn2+ is 
coordinated by three highly conserved cysteine residues and by a salt bridge with a 
juxtaposed glutamic acid.  The site of the Zn+2 and its targeting residues are conserved in the 
MT binding domain of the growth arrest-specific protein 2, making it probable to be 
structurally important. Additionally, mutation of these cysteine residues drastically reduces 
the proteins solubility when expressed in E. coli (data not shown), suggesting that the Zn2+ 
ion is required for proper folding/stability. 
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2.4.2. Structure of the EFhand-1-EFhand-2 of ACF7 reveals a prototypical assembly 
The EF1-EF2 domain consists of an N-terminal α1-helix followed by two archetypal 
EF-hands that each coordinate Ca2+ using an anti-parallel helix-loop-helix motif (Figure 
2.3A-C). The two EF-hands are related by a prototypical two-fold pseudo symmetry axis, 
packing against one another to form a four helix-bundle ((Denessiouk et al., 2014) (Figure 
2.3A). The loop regions within each EF-hand engage one another through backbone 
hydrogen bonding to form a two-stranded anti-parallel β-sheet across the pseudo two-fold 
axis, yielding an EFβ-scaffold as observed in calmodulin and parvalbumin (Babu et al., 1988; 
Swain et al., 1989).  The N-terminal α-helix is arranged orthogonal to, and wedged between, 
the helices of each EF-Hand in a mode most similar to that observed in the structure of 
calcyphosine (PDB code 3E3R (Dong et al., 2008); Dali server Z-score: 9.7, 2.8 Å rmsd over 
80 aligned residues, Figure 2.4A). The general positioning of the ACF7 EF1-EF2 α1 helix is 
also reminiscent of the mode by which calcium-bound calmodulin EF3-EF4 engages target 
peptides (Chen et al., 2016; Figure 2.4B).  
The primary sequence of the hACF7 EF-hand1-2 module has high conservation 
across spectraplakin orthologs, including human, zebrafish, fruit fly, and nematode 
homologs, with an approximate 60% identity and 13% similarity (Figure 2.1C and 2.3E,F). 
Conservation maps across the surface of the domain, as well as the core, which consists of 
numerous aromatic residues. The EF1-EF2 domain has a polarized electrostatic surface 
potential, with a negatively charged region on one face of the domain containing the Ca2+ 
coordinating residues, and a positively charged region on the opposite face of the domain 














conserved aromatic residues dominates the domain’s hydrophobic core. These interactions 
consist of a CH-π stack of the aromatic residue at X-4 (ACF7 EF1, α-helix 2, F7049) with 
both –X+1 (ACF7 EF2, α-helix 5, Y7099) and –Z+1 (ACF7 EF2, α-helix 5,F7102).  This 
aromatic network is well conserved among the diverse EF-Hand containing proteins and is 



















Uncharacteristic of other EF-Hands, this aromatic network is further expanded in the EF-
hands of ACF7, where conserved aromatics at positions F7026, W7031, Y7035, W7038, 
F7066, F7075, and F7089 are also part of this network. The boundary between EF1 and EF2 
is also comprised of a series of hydrophobic interactions between V7046, I7053, I7070, and 
L7106 to form an exceptionally compact interface. While a subset of the aromatic network is 
well conserved across diverse EF-Hand containing proteins (Denessiouk et al., 2014), the 
network is surprisingly expanded in ACF7 and may contribute to domain stabilization.  
The structure of the ACF7 EF1-EF2 domain reveals two canonical EF-Hand Ca2+ 
binding sites, each with a bound Ca2+ ion (Figure 2.3G,H). For frame of reference, our 
discussion uses the twelve-residue X･Y･Z･-Y･-X･･-Z EF-hand nomenclature described for 
carp muscle calcium-binding protein parvalbumin for residues involved in calcium binding 
(Kretsinger & Nockolds, 1973). EF-Hand structures typically coordinate Ca2+ using a 
pentagonal bipyramid geometry that involves seven oxygen atoms. While the coordination 
sphere in EF2 is canonical, the coordination sphere in EF1 is more relaxed. We discuss the 
coordination geometry of each EF-Hand in detail below. 
In EF1 and EF2, residues X, Y, Z and -Y are positioned on the loop of the helix-loop-
helix motif (Figure 2.3G,H). Residue –Z is located on the second α-helix of the motif. For 
both EF1 and EF2, residues X, Y, Z are aspartic acid residues and adhere to a prototypical 
DxDxDG calcium-binding loop sequence (Rigden & Galperin, 2004). The glycine residue 
found at position Z+1 in each the EF-Hand uses its backbone amide to stabilize the side chain 
carboxyl group of the aspartic acid at position X, and imparts the flexibility necessary for the 
backbone carbonyl of the residue at position –Y to coordinate the Ca2+ ion. Following the 
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typical 12-residue pattern X･Y･Z･-Y･-X･･-Z, the anti-parallel β-sheet that connects EF1 
and EF2 is constituted by two isoleucines, both at positions –Y+1 on their respective EF-
Hand. This is one of the typical interactions anchoring EF-hands domains together and is 
found in both calmodulin (Babu et al., 1988) and parvalbumin (Swain et al., 1989). 
Collectively, residues at positions X, Y, Z and –Y contribute key oxygen atoms to the 
coordination geometry of each Ca2+ ion. In EF2, additional oxygen atoms are contributed by 
a glutamic acid residue at position –Z and from a water molecule stabilized by a glutamic 
acid residue at position –X, forming the archetypal pentagonal bipyramid coordination 
geometry (Figure 2.3H). In contrast, in EF1, the glutamic acid residue at position –Z is pulled 
back from the calcium binding site, and the serine at position –X is angled away, preventing 
direct, or water-mediated coordination of the calcium respectively (Figure 2.3G). The δ-
carboxyl oxygens of the bidentate EF1 –Z glutamic acid are 4.7-5.9 Å from the Ca2+ ion, an 
atypical, extended distance that far exceeds the average distance of 2.37-2.43 Å found in 
other EF-Hand crystal structures (Zheng et al., 2008). As noted, this is not the case for the δ-
carbonyl oxygens of the EF2 -Z glutamic acid residue, which are positioned 2.4-2.5 Å from 
the Ca2+ ion. Previous studies involving calmodulin and troponin C have demonstrated that 
the -Z residue plays important roles in calcium binding as well as target protein binding 
(Gagné et al., 1997; Gao et al., 1993; Maune et al., 1992). Intriguingly, the identity of the 
EF1 –Z residue is not conserved across spectraplakins (Figure 2.1C), suggesting that it does 
not play a key role in calcium binding, consistent with our structure. While our structure, 
which was crystallized in the presence of 1-2 mM calcium, has calcium bound to both EF-
hands, it is likely that differences in the coordination geometries of EF1 and EF2 
differentially affect their respective affinities for calcium. This may enable the domain to 
	 74 
adopt distinct structural states across different calcium concentrations that regulate its 
binding to other factors or determinants within ACF7 itself. Identifying the factors the 
spectraplakin EF1-EF2 domain binds and how these interactions regulate the cytoskeleton 
are key next steps. 
2.4.3. Structure of the GAR domain of ACF7 identifies a novel domain fold  
The structure of the GAR domain reveals a novel, 73-residue zinc binding α/β fold. The 
ACF7 GAR domain initiates with a 12-residue N-terminal α-helix (α1) followed by a five-
stranded anti-parallel β-sheet (β1-5) and a C-terminal 8-residue α-helix (α2) positioned anti-
parallel to α1 (Figure 2.5A-C). The two α-helices pack against the β-sheet to form an α/β 
sandwich. The α1-β1 loop and the C-terminal loop flanking α2 contain the highly conserved 
residues C7133, C7135, D7186 and C7188 that coordinate the bound zinc ion (Figures 2.1C, 
2.5F). The domain is nearly inclusively highly conserved, with a notable exception being the 
loop residues neighboring the Zn+2 coordinating residues. A Dali server search for 
homologous domains shows the highest degree of similarity to the frataxin (FXN) family of 
iron chaperones that play key roles in iron homeostasis (PDB code 4HS5 (Roman et al., 
2013), 3.1 Å rmsd over 70 aligned residues; Z-score 4.5)( Figure 2.6). In contrast to the GAR 
domain’s structure, FXN has a 6-stranded β-sheet, lacks a homologous zinc binding site, and 
uses a distinct, surface exposed region to bind iron (Bencze et al., 2007).The GAR domain 
binds zinc using a tetrahedral coordination geometry. Zinc is an abundant metal in proteins, 
and is thought to be a co-factor in ~10% of proteins (Laitaoja et al., 2013) where it plays 













supported by four coordinating side chains, while in enzymatic roles, the zinc coordination 
sphere usually consists of three side chains and a water molecule. As the GAR domain 
employs three cysteine residues and an aspartic acid residue (Figure 2.5F), it is likely that 
zinc plays a structural role. In support, we found that mutating cysteine residues in the 
coordination sphere to serine (individual or pairs) compromised the domain’s solubility when 
expressed in E. coli (data not shown). While the Cys2-Asp-Cys coordination sphere is 











Cys4 or Cys2-His-Cys coordination spheres being more prevalent (Laitaoja et al., 2013). The 
GAR domain’s conserved coordination sphere suggests that the zinc-binding region confers a 
function that cannot be accommodated by the more common coordination spheres. 
The GAR domain is highly conserved across its surface with a notable exception 
being the residues in the α1-β1 loop that are not involved in zinc coordination (Figure 
2.5B,D). Analysis of the GAR domain’s surface potential reveals distinct patches of positive 
and negative surface charge. Many MT-associated proteins employ a positively charged 
surface to bind the negatively charged surface of the MT lattice. There are two basic regions 
on the GAR domain (Figure 2.5B,D). The dominant basic patch includes a series of invariant 
arginine residues that span β3-β5 and are distal to the GAR domain’s zinc-binding site. This 
region includes R7161 and R7170 that sandwich a conserved tryptophan, W7175 (Figure 
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2.5B). This region represents the highest, contiguous segment of conservation across 
spectraplakin GAR domains (Figure 2.1C), and extends to the homologous Gas2 MT-binding 
domain (Figure 2.1C). A second minor basic patch is situated near the zinc-binding site 
(Figure 2.5G) and is composed of two positively charged residues (R7138, K7134) that are 
conserved across vertebrates, but are variable across invertebrates. 
2.5. Discussion 
 Spectraplakins play critical roles coordinating the F-actin and MT networks to drive 
changes in cellular structure. Our work illuminates the structure of the EF1-EF2 and GAR 
domains, two conserved spectraplakin domains involved in MT binding that are connected 
by a flexible linker and coordinate distinct divalent ions. The crystal structure of the hACF7 
EF1-2-GAS2 cassette has identified that the EF-hands of the mammalian spectraplakin has 
many similarities to a canonical EF1-2 module.  Both EF-hands are able to bind calcium in 
the crystallization conditions implemented and they do so using a somewhat stereotypical 
coordination geometry. Understanding if this binding occurs physiologically is an important 
next step since in some protein families the EF-hands have divergently evolved and are no 
longer able to bind calcium, therefore ablating their ability to signal in a calcium dependent 
manner (Nakayama & Kretsinger, 1994). There is a multitude of in vivo and in vitro evidence 
suggesting that the EF-hands of spectraplakins are required for its proper function in many 
systems, but there is ambiguity if this function is calcium regulated except in BPAG1 (Kapur 
et al., 2012). Our findings suggest that the EF-hand domains of ACF7 can indeed bind Ca2+, 
leaving open the possibility that this domain may be regulated by [Ca2+] and merits further 
study.  There are a couple of nuances that suggest that the EF-hand domains of ACF7 are 
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distinctive from a canonical EF-hand module. One such difference is in the distance of the γ-
carboxyl oxygens of residue E7065, located in position –Z of EF1, to the contiguous Ca2+ 
ion.  The oxygens of the bidentate glutamic acid have an atypical distance of 4.8-4.9 Å and 
5.7-5.9 Å, depending on the oxygen and the monomer. This far exceeds the average distance 
of 2.37-2.43 Å (Zheng et al., 2008) found between the carboxyl oxygen and Ca+2 ions in 
various crystal structures. Interestingly, this is not the case of the –Z residue found on ACF7 
EF2, which has a more typical value of between 2.4-2.5Å.  The residue at this position has 
been shown to be important for the target interaction and Ca+2 binding of the ubiquitously 
expressed calmodulin (Gao et al., 1993; Maune et al., 1992; Mukherjea & Beckingham, 
1993) and the striated muscle expressed troponin C (Gagné et al., 1997), making this atypical 
distance surprising. Intriguingly, the residue at this position is not conserved among 
spectraplakins (Figure 2.1), suggesting that it may not be required for the function of the EF-
hands if this function remains universal across species. An additional atypical structural 
component found in the EF-hands of ACF7 is the dense aromatic network found between the 
residues F7026, W7031, Y7035, W7038, F7049, F7066, F7075, F7089, and Y7099.  We find 
that the GAR domain has a unique α-β sandwich fold and binds Zn2+ using an unusual Cys2-
Asp-Cys binding motif. Cysteine to serine mutations of these residues drastically affects the 
GAR domains solubility in E. coli, suggesting that zinc has a prominent structural role in this 
domain.  We find that both the EF-hands and the GAR domains of ACF7 have a polarized 
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CHAPTER 3: IDENTIFICATION OF THE MICROTUBULE BINDING REGION OF 
THE EF1-EF2-GAR MODULE 1 
3.1. Summary 
We demonstrate that the GAR domain is the principal mediator of direct MT binding 
and likely serves to enhance binding between the EF1-EF2 domain and the MT lattice. Using 
in vitro and cellular mutagenesis assays, we map EF1-EF2 and GAR MT-binding 
determinants to conserved basic patches distal to each domain’s respective divalent binding 
region. While the EF1-EF2 domain is not sufficient for MT-binding, the GAR domain is and 
likely enhances EF1-EF2-MT engagement.  
3.2. Introduction 
While the structure and actin-binding mechanism of the spectraplakin CH domain has 
been described (Yue et al., 2016), we lack an understanding of spectraplakin-MT 
interactions. Within the C-terminal EF1-EF2-GAR-GSR-SxIP region, the GAR domain is 
sufficient for MT binding (Leung et al., 1999; Sun et al., 2001). Whether the EF1-EF2 
domain plays a direct role in MT binding is not known, but deleting the domain affects MT-
co-localization in cells (Applewhite et al., 2013), and functionally, the EF-Hands play roles 
																																																								
1Parts of this chapter previously appeared as an article in the journal Structure. The original 
citation is as follows: Lane TR, Fuchs E, Slep KC. Structure of the ACF7 EF-Hand-GAR 
Module and Delineation of Microtubule Binding Determinants. Structure. 2017;25(7):1130-
1138.e6. DOI: 10.1016/j.str.2017.05.006 
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in MT-dependent processes: neuronal extension and path finding (Bottenberg et al., 2009; 
Seongsoo Lee et al., 2007; Seungbok Lee & Kolodziej, 2002; Sanchez-Soriano et al., 2009). 
The distribution of the surface charge of the ACF7’s GAR domain, the major MT-
binding region of spectraplakins, suggested two probable MT binding regions. MT-binding 
proteins often interact with the highly acidic tails of β-tubulin known as “e-hooks” via a 
region of positive surface charge (Alushin et al., 2010). The positively polarized regions of 
the GAR domain are located distally and proximally to the Zn2+-binding region. We chose to 
assess these potential binding regions using cellular and in vitro assays. For our cellular 
assays, we chose to use human embryonic kidney cell (HEK293) as our cell line for several 
reasons: HEK293 cells are robust, relatively flat, straightforward to transfect and require 
minimal upkeep. For these reasons HEK293 cells were ideal candidates for live GFP-
spectraplakin visualization and fixed MT colocalization studies. We chose co-sedimentation 
assays to assess MT binding in vitro. These assays used taxol-stabilized MTs to stimulate 
MT polymerization.  In addition, to ascertain if charge reversal mutations affected the overall 
fold and stability of these constructs we performed circular dichroism on various constructs.  
3.3. Experimental Procedures 
3.3.1 MT Co-sedimentation Assays 
Taxol-stabilized MTs were prepared and co-sedimentation assays conducted as 
described (Campbell & Slep, 2011). The proteins of interest were buffer exchanged into 
BRB80 (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA pH to 6.8 (adjusted with KOH)) using a 
suitable molecular-weight cutoff centrifugal filter (Millipore). Following buffer exchange, 
the proteins were centrifuged at 100,000xg for 7 mins at 4°C to pellet and remove any 
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unstable protein. 10 µM taxol-stabilized MTs, BRB80, 1 mM GTP, 20 µM taxol, and 20 µM 
protein of interest was incubated at room temperature for 20 min. As a control, samples that 
lacked MTs were also incubated for 20 min. 100 µl of the 120 µl reaction mixture was 
layered on top of a 150 µl, 40% glycerol cushion and centrifuged at 100,000xg for 30 min at 
room temperature. A supernatant fraction was collected from the top of the sample and than 
the glycerol cushion was washed 3x with BRB80. Following the wash step, the pellet fraction 
was collected from below the glycerol cushion by resuspension of the remaining protein in 
100 µl BRB80. Supernatant and pellet samples were analyzed by SDS-PAGE using R-250 
Brilliant blue coomassie stain (ThermoFisher) to assay for co-sedimentation activity. 
3.3.2. HEK293 Cell Expression Plasmids 
hACF7 EF1-EF2-GAR wild-type/mutants (residues 7018–7206) and EF1-EF2 
(residues 7018-7116) constructs were subcloned using the Gateway pENTR/D-TOPO system 
(Invitrogen) into a destination vector with an N-terminal GFP tag (pcDNA-DEST53 plasmid) 
under a CMV constitutively active promoter (Invitrogen). Mutant constructs were generated 
using a KOD Xtreme site-directed mutagenesis protocol (Novagen) and confirmed by DNA 
sequencing. Modification of a pDEST53 vector subcloned with EF1-EF2 was used to 
generate the GFP-GST-EF1-EF2 (residues 7018-7116) construct. The GST+linker from 
pGEX-6p2 (GE Healthcare) with modified 5’ and 3’ extensions was amplified by PCR and 
used as “primers” for KOD Xtreme amplification of GST-EF1-EF2 (residues 7018-7116) in 
pDEST53. The terminal vector contained the intact linkers of both pDEST53 and pGEX-6p2, 
providing enough flexibility and linker distance to enable each domain to engage 
homologous sites on the microtubule lattice. The GST addition was confirmed by DNA 
sequencing.  
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3.3.3. Cell Culture and Transfection 
HEK293 cells (ThermoFisher) were cultured in DMEM high-glucose media (Gibco) 
supplemented with 10% FBS serum (Gibco) and a 1x Anti-Anti (Gibco) at 37°C and at 5% 
C02.  Cells were seeded onto acid-washed glass coverslips and transfected once they reached 
60-80% confluence. Seeds were obtained by suspending 60-80% confluent cells with 0.5% 
Trypsin with EDTA following by neutralization by supplemented DMEM. hACF7 GFP-EF1-
EF2-GAR (residues 7018-7206) and GFP-EF1-EF2 (residues 7018-7116) constructs (under 
control of a constitutively active human cytomegalovirus immediate-early (CMV) promoter) 
were transfected using the ViaFect Transfection Reagent (Promega) as described by the 
manufacturer’s protocol. Each transfection used 1 µg of plasmid DNA diluted into DMEM to 
a final volume of 100 µl. ViaFect Transfection Reagent was then added at a 3:1 reagent:DNA 
ratio and incubated for 15-20 mins before being added to the cells.  
3.3.4. Immunofluorescence Microscopy  
 HEK293 (ThermoFisher) cells transfected with hACF7 GFP-EF1-EF2-GAR 
(residues 7018-7206, wild-type/mutant), GFP-EF1-EF2 (residues 7018-7116), or GFP-GST-
EF1-EF2 (residues 7018-7116) constructs were fixed or imaged live 14–16 hrs post 
transfection. Cells were fixed with 4% paraformaldehyde in PHEM (5 mM HEPES, 60 mM 
PIPES pH 7.0, 10 mM EGTA, and 2 mM MgCl2) for 20 min. PBS-Triton (PBST)(0.5%) and 
PHEM-Triton (0.2%) supplemented with 1% normal bovine serum albumin (Fisher 
Scientific) were used to permeabilize and block the cells, respectively. Antibodies were 
diluted in PHEM supplemented with 1% normal bovine serum albumin. Antibodies used for 
immunofluorescence included a mouse monoclonal anti-α-tubulin antibody (clone DM1a, 
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T6199; 1:500) (Sigma-Aldrich) and a Cy3-α-mouse conjugated secondary antibody (1:500) 
(Jackson ImmunoResearch Laboratories). Nuclei were stained with 4’, 6-diamidino-2-
phenylindole (1:2000) (Molecular Probes, Invitrogen). Cells were mounted in fluorescence 
mounting medium (Dako). Images were acquired using an Eclipse Ti microscope with a 100x 
oil NA-1.45 objective (Nikon) by a Coolsnap HQ camera (Photometrics), driven by NIS 
Elements software (Nikon). Representative images were processed using Photoshop CS5 
(Adobe Systems) and ImageJ (National Institutes of Health).  
3.3.5 Circular Dichroism 
Each protein sample was diluted to a final concentration of 0.1 mg/ml in 10 mM 
sodium phosphate buffer (pH 7.5), 50 mM NaFl. CD spectra (185-260 nm) of hACF7 EF1-
EF2-GAS2 (residues 7018–7206) (wild-type, R7161E, R7170E, W4042E, R7170E/W7175E) 
and EF1-EF2 (residues 7018-7116, wild-type, K7033E/R7037E, K7043E/R7045E) were 
collected at 20°C with a time per point of 1.25 s using a 1-mm path-length cuvette in 
duplicate. Individual spectra were averaged and smoothed with a moving window of 4 points 
in the Chirascan-plus software. The direct signal output (mdegs) from the Chirascan-plus CD 
spectrometer (Applied Photophysics) was converted to molar elipticity (deg cm2 dmol-1) 
using Excel. For each hACF7 EF1-EF2-GAS2 construct, data for a range of temperatures 
was also collected. The CD signal (mdeg) was recorded at 208 and 222 nm (two minima 
associated with helical secondary structure) along a temperature gradient from 20-94°C with 
a temperature step size of 1°C using a 1-mm path-length cuvette. A spectrum was taken at 
94°C (not shown) to ensure that the protein was unfolded. The time per point was 1.25 s and 
the temperature tolerance was 0.2°C. Each temperature ramp was smoothed with a moving 
window of 6 points in the Chirascan-plus software. The stability of each mutant was 
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quantified by observing the unfolding vs. temperature at 208/222 nm. The Tm was calculated 
by delineating the inflection point of the curve (maximum of the first derivative). Since Tm is 
assumed to be independent of concentration, the units were not converted from mdeg to 
molar elipticity. Each CD melt curve was repeated once to ensure reproducibility.  
3.4 Results 
3.4.1. The GAR Domain has a Conserved Basic Patch Distal to the Zinc Binding Site 
The GAR domain is highly conserved across its surface with a notable exception 
being the residues in the α1-β1 loop that are not involved in zinc coordination (Figure 
2.5E,F). Analysis of the GAR domain’s surface potential reveals distinct patches of positive 
and negative surface charge. Many MT-associated proteins employ a positively charged 
surface to bind the negatively charged surface of the MT lattice. There are two basic regions 
on the GAR domain (Figure 3.1B,E). The dominant basic patch includes a series of invariant 
arginine residues that span β3-β5 and are distal to the GAR domain’s zinc-binding site. This 
region includes R7161 and R7170 that sandwich a conserved tryptophan, W7175 (Figure 
3.1F). This region represents the highest, contiguous segment of conservation across 
spectraplakin GAR domains (Figure 2.1C), and extends to the homologous Gas2 MT-binding 
domain (Figure 2.1C). A second minor basic patch is situated near the zinc-binding site 
(Figure 3.1B) and is composed of two positively charged residues (R7138, K7134) that are 













3.4.2. The GAR β3-β5 Region Mediates MT Binding 
We next set out to map the ACF7 GAR domain’s MT binding surface. Based on the 
acidic surface of MTs, we hypothesized that one of the GAR domain’s two basic regions 
(Figure 3.1B,E) mediates MT binding. To test this hypothesis we assayed the ability of EF1-
EF2-GAR constructs to co-sediment with taxol-stabilized MTs in vitro. Interestingly, a 
construct that contained the EF-Hands and the GAS2 domain was used initially in these 
assays in lieu of a GAR-only construct due to the extremely low expression of the GAR-only 
mutants in our bacterial expression system. The WT EF1-EF2-GAR module showed robust 
MT co-sedimentation activity (Figure 3.2). To test the involvement of each basic region on 
the GAR domain, charge reversal mutations were introduced. Inverting the charge of basic 
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residues located proximal to the zinc binding site (K7134E and R7138E; Figure 3.1B,C) did 
not affect the module’s MT co-sedimentation ability (Figure 3.2). In contrast, negative 
charges introduced into the conserved basic patch in the GAR β3-β5 region (individual point 
mutations: R7161E, R7170E, W7175E, and the double mutant: R7170E/W7175E; Figure 
3.1E,F) completely ablated the module’s MT co-sedimentation activity (Figure 3.2). To 
ensure that mutations in the β3-β5 region did not compromise the module’s overall fold and 
stability, WT and mutant EF1-EF2-GAR constructs were examined using circular dichroism 
(CD) (Figure 3.3). The CD signature and thermal melt profiles of the EF1-EF2-GAR 
constructs were similar, indicating that these mutations did not compromise domain fold or 
stability. Interestingly, the R7170E mutation showed an increased stability. Speculatively 
based on the crystal structure, this may be due to an artificial salt bridge created between the 
aberrant glutamic acid and a nearby native arginine. Our co-sedimentation assays 
demonstrate that mutations in the GAR domain are sufficient to ablate EF1-EF2-GAR MT 
binding in a co-sedimentation assay and additionally indicate that the EF1-EF2 domain is not 
sufficient for direct MT binding. We did not detect MT co-sedimentation activity for an 
ACF7 EF1-EF2 construct, though an ACF7 GAR construct (as well as a GST-dimerized 
GAR construct) showed robust MT-co-sedimentation activity that could be ablated when 
R7170E and W7175E mutations were introduced (Figure 3.4). While the EF1-EF2 domain 
was not sufficient for MT binding in vitro, our assay did not rule out the possibility that a low 
affinity interaction between the EF1-EF2 domain and MTs could occur if tethered to the MT 
lattice via GAR domain MT binding. To test this, we analyzed whether a dimerized GST-
EF1-EF2 construct showed enhanced affinity for the MT lattice (Figure 3.4). The GST-EF1- 











Negative charges introduced into a conserved basic patch delineated by EF1-EF2 α1 and the 
α1- α2 loop (pairwise point mutations: K7033E/R7037E and K7043E/R7045E) reduced the 
GST-EF1-EF2 construct’s MT co-sedimentation activity (Figure 3.4) but did not affect 
domain fold as determined using CD (Figure 3.3C), implicating this region in MT binding. 
We next examined whether the EF1-EF2-GAR MT-binding determinants we delineated 
using MT co-sedimentation assays were responsible for MT-binding in HEK293 cells. We 
found that a GFP-EF1-EF2-GAR construct co-localized with MTs in both live and fixed cells 
(Figure 3.5A, A’) consistent with previous studies (Leung et al., 1999; Sun et al., 2001). 




























artifact observed when a MT binding protein is expressed in cells (Sousa et al., 2007). In 
contrast, both a GFP-EF1-EF2 construct as well as a dimerized GFP-GST-EF1-EF2 construct 
failed to co-localize with MTs, and instead showed diffuse, cytoplasmic localization (Figure 
3.6). Nuclear localization occurs with the GFP-EF1-EF2 construct, but not the GFP-GST-
EF1-EF2 construct, a common artifact for small GFP fusion constructs (Seibel et al., 2007). 
While our GST-EF1-EF2 construct showed MT binding activity in vitro, we hypothesize that 
cellular salt concentrations and competition from other microtubule binding proteins 
prevented GST-EF1-EF2 MT binding in cells. Collectively, our results indicate that the EF1-
EF2 domain is not sufficient for MT binding in cells, but requires GAR-mediated MT 
binding to enable EF1-EF2 MT association. MT engagement using both the EF1-EF2 and 









MT association (Applewhite et al., 2013; Kapur et al., 2012). We next tested whether 
mutating residues in the GAR β3-β5 region would ablate MT binding in HEK293 cells. 
Similar to the results obtained in the MT co-sedimentation studies, charge reversal mutations 
in the zinc binding region (K7134E and R7138E) did not affect MT binding in cell culture 
(Figure 3.4, 3.5B,B’,C,C’). In contrast, the introduction of negative charges in the GAR 
domain’s basic β3-β5 region (R7161E, R7170E, W7175E, and R7170E/W7175E) completely 
abrogated the ability of the EF1-EF2-GAR construct to co-localize with MTs (Figure 
3.5D,D’ – G,G’). 
 3.5 Discussion 
While the EF1-EF2 domain is not sufficient for MT binding in cells, the GAR domain is 
sufficient and likely enhances the ability of the EF1-EF2 domain to engage the MT lattice. A 
flexible linker between the two domains would enable each domain to engage unique sites on  
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the MT lattice. Once the GAR domain is bound to the MT lattice, the flexible linker could 
enable the EF1-EF2 domain to sample equivalent binding sites on the MT lattice, should a 
subset of those sites be sterically blocked by other MT associated proteins. The dominant 
role of the GAR domain in MT binding is consistent with the fact that the GAR domain, and 
not the EF1-EF2 domain, is found in the MT-binding Gas2-like protein family. We have 
mapped GAR domain MT binding determinants to a conserved basic region distal to the Zn2+ 
binding site and EF1-EF2 MT binding determinants to a basic region on the opposite face of 
the domain from its calcium binding sites. Comparison of the human ACF7 GAR crystal 
structure and the analogous MT-binding growth arrest specific 2 (GAS2) NMR solution 
structure (PDB ID: 1V5R) reveals that the spacial positions of these residues are conserved to 
the GAS2 eponym.  
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The spectraplakin C-terminal MT-binding region consists of the MT-binding EF1-
EF2-GAR module, a GSR repeat region with MT-lattice binding activity, and an EB1-
binding SxIP motif. This tripartite composition suggests complex MT interactions that may 
involve MT plus end loading followed by a transition to MT-lattice binding. The ability of 
the C-terminal region to form multivalent interactions with the MT lattice presents an 
optimal means to tune spectraplakin-MT binding so that cross-linking activity can be 
spatially regulated. Consistent with this, GSK3β kinase activity spatially regulates GSR-MT 
interactions (Wu et al., 2011). Interestingly, the Drosophila Shot N-terminal CH domains 
bind the EF1-EF2-GAR module and limit MT lattice binding without affecting MT plus end 
tracking activity (Appelwhite et al., 2013). Future work will investigate whether an 
interaction between the EF1-EF2-GAR module and the CH domains is conserved in ACF7 
and if so, how this interaction structurally limits MT-binding. In summary, a basic, conserved 
region spanning β3-β5 is involved in GAR MT binding, while surface exposed basic residues 
that flank the zinc binding site are not involved (Figure 3.7A). Driven to the MT via the GAR 
domain, the EF1-EF2 likely engages the MT lattice using basic determinants along the α1 
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 
4.1. The necessity of cross-linkers  
Biological polymers are essential to life. Some of these are made up of simple 
monomers that come together and form complex macromolecules such as DNA, RNA, and 
polysaccharides. As individual monomers, these covalently assembled polymers don’t 
contain much information, but as polymers they literally make up the building blocks of life. 
Long stands of DNA/RNA can store vast amounts of information as compared to their 
individual components. Polysaccharides, made up of sugar monomers, perform many 
functions, such as the protective qualities of both cellulose and chitin. Not all polymers are 
just assemblies of simple monomers, but are often made up of repeated units of complexly 
folded proteins monomers/dimers such as with microtubules (MTs), actin, intermediate 
filaments and many others. These polymers assemble due to complex protein-protein 
interactions, sometimes spontaneously. Since these interactions are much weaker than the 
covalent bonds found in simpler polymers, it makes these types of polymers much more ideal 
to preform tasks that require a dynamic component. These polymers perform complex, 
dynamic functions such as the ability for F-actin and MTs to rearrange the cellular shape and 
organize the cell’s individual parts.  
One important function of polymers is to adapt to the sheer size difference between 
individual proteins and the entire cell. A representative protein is on the order of 3-4 nm, 
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while a typical cell is between 1-10 µm. There are 2-3 orders of magnitude differences in size 
between these two components. Some cellular functions will require a connection or some 
sort of communication from one end of the cell to the other. While there are many ways to 
achieve this, two simple solutions are to encode either enormous proteins or smaller proteins 
that assemble into long chains. The latter strategy is much more efficient, since encoding 
enormous proteins would require a significantly longer DNA chain. Polymers would also 
require additional regulatory proteins to keep the assembly/disassembly of these chains 
controlled, but overall, it is likely a much more efficient way than encoding individual 
proteins that span the entire cell.     
Organic polymers rarely operate independently, but work in conjunction with other 
macromolecules, forming more complex networks. Linking together organic polymers is an 
ancient phenomenon that is conserved across species from bacteria and archaea to humans in 
many different cell types (Rodriguez et al., 2003). For living structures to continually 
increase in complexity, biological systems needed to be coordinated. These coordinated 
systems linked together can function in a significantly greater capacity that the sum of their 
parts, resulting in higher order structures. They can achieve functions that are distinct by 
regulating each other in novel ways. An example of this is the linking of F-actin and MTs, 
which have distinct roles such as providing the structure for cytokinesis and pulling sister 
chromatids apart during anaphase, respectively. Almost 50 years ago the linkage between 
these networks was discovered as important, as the MT network was shown to be required to 
maintain actin-dependent cellular extensions at the leading edge of a migrating cell (Vasiliev 
et al., 1970).  This suggested that a linkage between these two networks regulates 
fundamental cellular functions such as cell crawling. 
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It is daunting to think about the number of components that are involved in 
performing the constant cytoskeletal reorganization required to perform a fundamental 
cellular function such as cell crawling. There are likely hundreds of proteins involved in this 
process. There are a plethora of signals, both internal and external, that drives the cell 
towards its destination. This destination may be a food source for an Amoeba or fibroblasts 
cells moving into the negative space following a wound. Without cross-linking F-actin and 
MTs, MTs cannot provide the tracks necessary to polarize specific proteins required for 
efficient crawling. Without cross-linking, cells would lack the mechanical stability required 
to proficiently drive the cell forward as the actin-rich lamellipodia expands. These are just a 
few examples that highlight the importance of cross-linking in one cellular function, but it is 
essential in many.  
4.2. Spectraplakins are essential cross-linkers 
There has been a myriad of recent studies that show the importance of 
spectraplakins/GAS2-like proteins cross-linking the major dynamic cytoskeletal elements, F-
actin and MTs, enabling them to function interdependently to perform complex cellular 
processes.  This requires that multiple domains work seamlessly together to perform specific 
functions. As discussed earlier, spectraplakins often bind F-actin and MTs simultaneously 
through multiple, distinct domains. F-actin binding occurs through the CH1-CH2 cassette 
and MT binding via the EF-GAR-GSR module. In addition, spectraplakin often track MT 
plus-ends through binding to EB1 via a C-terminal SxIP motif. The requirement for multiple 
domains to work in concert is reflected in the GAS2-like proteins. The GAS-like proteins 
have putative F-actin, MT, and EB1 binding domains, so they are capable of cross-linking, 
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however, they lack the large central region, which suggests possible significant functional 
differences between them and spectraplakins.  
A specific example of a biological system that highlights the importance of linking 
the F-actin and MT cytoskeleton is the migration of endodermal cells. In polarized 
endodermal cells, ACF7 is concentrated at migrating cell edges, but in non-polarized cells it 
is localized along MTs throughout the cytoskeleton. In wild-type cells, MTs are straight and 
radial, but ACF7-null cells have curled and irregular MT trajectories, even though the actin 
cytoskeleton appears to be normal. The suggested cause of the irregular MT structure and 
dynamics is a reduced MT-pause state when growing MTs reach the actin-rich cortex, a 
function that would require simultaneous linking of MTs and F-actin. Rescue of this 
phenotype require both the CH and GAR domains, indicating that functional cross-linking 
activity of MTs and F-actin is necessary. Migration and polarization deficiencies are also 













There is also evidence to suggest that numerous spectraplakin functions require not 
just the F-actin and MT binding regions working together, but also require the EF-hands. In 
vivo studies have previously shown that a lack of functional WT Shot in neuronal tissue 
correlates with severely shorted motor and sensory axons (Lee & Kolodziej, 2002; Prokop et 
al., 1998) and requires a Shot construct containing the CH1, EF-hands, and GAR domains to 
rescue (Lee & Kolodziej, 2002). Additionally, all three of these domains were also found to 
be necessary to rescue a severe polarization disruption in these cells (Lee & Kolodziej, 
2002). This suggests that in these systems the F-actin and MT binding domains of 
spectraplakins work in concert not only with each other, but also with additional 
intramolecular domains. Based on the proximity of the EF-hands to the GAR domain, it may 
act as a spacer to delineate distance between the C- and N-terminal domains and/or by 
directly regulating MT binding. The EF-hand could also be potentially interacting with 
additional regulatory components. Previous studies have shown that in Drosophila, cis inter-
domain interactions do occur between the F-actin and MT binding domains, inhibiting the 
cross-linking function of Shot (Applewhite et al., 2013). This autoinhibition required the F-
actin and MT binding domains as well as the EF-hands, suggesting that the EF-hands may act 
as a spacer to regulate the interactions between the N- and C-terminal domains. While we 
understand the necessity of the EF-hands, we do not comprehensively understand its function 
in spectraplakins. Our data suggests that the EF1-EF2 module has the ability to directly bind 
MTs, likely enhancing the capability of the EF1-EF2-GAR module to bind MTs. We have 
determined that the EF1-EF2 module and the GAR domain are also spatially independent 
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with a flexible linker between them. While in vitro assays showed a direct MT interaction 
with a dimerized EF1-EF2 construct, MT association could not be recapitulated in HEK293 
cells, suggesting a more complex mechanism. EF1-EF2-MT binding may be mitigated in 
cells by direct competition from other MT-associated proteins and or by calcium regulation. 
We have discovered that the EF-hands of ACF7 are capable of binding Ca2+, leaving the 
potential open for ACF7 to be regulated via calcium in a similar manner to BPAG1 (Kapur et 
al., 2012). Calmodulin is often used as the prototypical example to illustrate that the EF-hand 
module can change conformation following calcium binding (Zhang et al., 1995). 
Interestingly, an N-terminal α-helix in ACF7 is positioned similarly to a STRA6 peptide in 
an activated calmodulin (Chen et al., 2016). This similarity gives credence to our ACF7 EF-
hands structure being in a parallel, potentially activated state. Understanding the role of the 
N-terminal α-helix of the EF-hand module certainly merits further study. 
4.3. Future directions 
Spectraplakins and GAS2-like proteins are cross-linkers which are essential in many 
systems, but our understanding of the functions of its multiple domains is still emerging. We 
know that spectraplakins have a bivalent, multi-domain architecture with a rod like region 
that can bind many factors that affect regulation. We have a reasonable understanding 
regarding the function of the MT or F-actin binding domains in isolation, though how they 
function in concert with each other and with the other domains of spectraplakins is 
undetermined.  
Previously, all studies that have tried to determine the necessity of MT-binding on 
spectraplakins/GAS2-like proteins function had relied on the removal of one or multiple 
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domains. We have shown that a single charge-reversing mutation can completely ablate the 
MT-binding ability of the GAR domain. This will likely be an invaluable tool to surgically 
remove the major MT binding region with a single point mutation in lieu of a domain delete.  
This strategy would be instrumental in gaining insight into the other possible functions of the 
GAR domain and additionally help us to understand the MT-binding GSR region. Ablation 
of GAR MT binding, without removal of the GAR domain, will likely keep the positioning 
of the juxtaposed domains equivalent to wild type, allowing for a more exact interpretation of 
experimental results. In vivo mouse and Drosophila studies with spectraplakins with these 
point mutations are crucial first steps in understanding the complexities of both the GAR 
domain and the other MT binding regions of spectraplakins.   
While we have completed the first step of obtaining the structure of the EF-hands of 
ACF7 with Ca2+ bound, we still lack understanding of how or if this domain is regulated by 
calcium. Further experimentation would involve analyzation of a possible conformational 
change of the EF-hands following calcium binding to find if it is similar to the 
conformational change found in the EF-hands of α-spectrin (Travé et al., 1995). This could 
be measured directly using a technique such as Nuclear Magnetic Resonance (NMR).  This 
study would need to be continued with cellular work, where Ionomycin treatment and 
mutational analysis could be used to probe the function of the EF-hands of ACF7 in diverse 
cell types. It would also be important to determine if calcium-binding deficient EF-hands 
would recapitulate the in vivo ΔEF-hand phenotypes. To determine this, in vivo studies with 
the key Ca2+-binding residues mutated to eliminate calcium binding should be completed. 
These experiments would provide vital information regarding the potential role of the EF-
hands in spectraplakin regulation. 
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While we know that the EF1-EF2 module of ACF7 can bind MTs in vitro, it is still 
not clear how or if it engages the MT lattice in vivo.  We theorize that the EF1-EF2-GAR 
construct engages MTs initially through the GAR domain and the EF-hands act as an 
auxiliary point of contact.  We have shown that there is a flexible linker between each 
domain, suggesting that the EF1-EF2 and GAR domains are free to engage and occupy 
proximal binding sites on the MT. Independent Cryo-EM studies of MTs decorated with the 
EF1-EF2-GAR or GAR construct would potentially show us if the EF-hands do engage the 
MT lattice and how the GAR domain attaches to the polymer. It would also be interesting to 
see if this potential interaction is calcium regulated. These data would help in our 
understanding of the function of the EF-hands in vivo and to inform us how spectraplakins 
engage the MT lattice, i.e. if the EF-GAR domains interacts with individual tubulin 
heterodimers or require a composite site formed by two or more tubulin heterodimers.  
Additional future studies that focus on the critical issues of how the domains work in 
concert, how spectraplakins bind regulatory factors, and the universality of the autoinhibition 
model will all be fundamental to better our understanding of the phenotypes and diseases 
associated with these complex cross-linkers. There are also key unsolved structures of 
spectraplakins such as a full-plakin domain, spectrin repeats, and the CH domains bound to 
F-actin. These will be accomplished through a combination of emerging structural biological 
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